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GENERAL ABSTRACT
To determine the pathways used for glycogen synthesis in 
chronically active and normal muscle, muscles from C57B1/6J dy2J/dy2J 
(dy2J) mice were evaluated biochemically and histochemically.
The gastrocnemius muscle (GAST) of the dy2J mouse, a chronically 
active muscle, contained twice as much glycogen and lactate as control 
GAST. The dy2J triceps muscle (TRI), which is not chronically active, 
showed no elevation in glycogen content. An intraperitoneal injection 
of 14C-lactate resulted in increased incorporation of W C into glycogen 
by dy2J compared to control GAST. Both normal and dy2J GAST 
incorporated 14C into glycogen in an in situ preparation, indicating 
direct glycogen synthesis from lactate. Autoradiography revealed that 
high glycogen containing muscle fibers in the dy2J GAST have the highest 
capacity for glyconeogenesis.
Glycogen synthase (GS), malic enzyme (ME) and phosphoenolpyruvate 
carboxykinase (PEPCK) are all elevated in dy2J GAST, but not in dy2J TRI 
compared to normal controls. High glycogen fibers in the dy2J had 
higher activities of GS and ME than any other fibers.
The variation in glycogen content along the length of single 
muscle fibers increased with increasing glycogen content. However, the 
variation was low enough in all fiber types to allow for a single 
histochemical section to be a good predictor of glycogen in that fiber.
Glucose uptake and glycogen synthesis from glucose (glycogenesis) 
were elevated in chronically active muscles, in vivo and in vitro. The 
diaphragm muscle had the highest rates of glucose uptake and
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glycogenesis. Insulin stimulation of glucose uptake and glycogenesis 
were enhanced in chronically active muscles from dy2J mice.
Specific inhibitors of PEPCK inhibited glyconeogenesis in 
skeletal muscle, demonstrating the involvement of PEPCK. Previous 
contractile activity had no effect on glyconeogenic rates. 
Glyconeogenic rates were linearly dependent on substrate concentration 
and had a pH optimum of 6.6.
Normal and chronically active muscles utilize both lactate and 
glucose for glycogen synthesis. Chronically active muscles store 
increased amounts of glycogen. The increased glycogen may provide the 
chronically active muscle with some additional resistance to fatigue.
CHAPTER I. INTRODUCTION
The C57B16J dy2J/dy2J (henceforth dy2J) mouse suffers from 
pseudomyotonia, a chronic and repetitive neural stimulation of the 
hindlimb muscles (Rasminsky 1978). The nerves innervating the hindlimb 
show an abnormal lack of myelination at the spinal roots (Jaros and 
Jenkison 1983). The abnormal neural activity arises both spontaneously 
and as a result of ephaptic "cross-talk" of impulses between adjacent 
axons at the spinal roots (Rasminsky 1978). Therefore, the hindlimb 
musculature of this animal can be used as a model for chronic 
contractile activity in the study of muscle plasticity and the effects 
of contractile activity on metabolism.
The superficial region of the gastrocnemius muscle (GAST) in the 
dy2J mouse was shown to increase in oxidative capacity (Hargroder et al. 
1986) with age. The superficial GAST normally consists of a uniform 
population (-98%) of muscle fibers that contain low densities of 
mitochondria (Silverman and Atwood 1982) , have low oxidative capacities 
(Silverman and Atwood 1980), and stain histochemically as fast-twitch 
fibers (Dribin and Simpson 1977). Thus, these fibers are classified as 
fast-twitch glycolytic muscle fibers (FG) according to the fiber type 
classification scheme of Peter et al. (1972). In the superficial 
region of the dy2J GAST, the fibers remain fast-twitch (Younger and 
Silverman 1984). However, some fibers in this region show increases in 
mitochondrial density (Silverman and Atwood 1982) and oxidative 
capacity (Silverman and Atwood 1980). Thus, some fibers have become 
fast-twitch oxidative glycolytic (FOG). Many of the fibers which have 
not increased in oxidative capacity appear to store abnormally high 
amounts of glycogen (Younger and Silverman 1984). It is hypothesized
3that the high glycogen fibers may not receive as much neural 
stimulation as other fibers in the dy2J GAST. The fibers that receive 
the most stimulation increase in oxidative capacity, as it has been 
shown that exercise (Barnard et al. 1970, Holloszy and Booth 1976) and 
chronic stimulation (either direct or indirect) (Pette et al. 1973, 
Pette and Tyler, 1983) of fast-twitch muscle results in an increased 
oxidative capacity of the stimulated muscle. The fibers that do not 
receive as much stimulation in the dy2J GAST may make use of available 
substrates and convert these into glycogen, the stored form of 
carbohydrate in muscle. One probable substrate is lactic acid. It was 
shown that lactic acid can accumulate in an oxidative muscle despite 
adequate oxygen supply (Connett et al. 1984, Connett et al. 1986).
Thus, lactate is expected to accumulate in chronically active muscles 
undergoing fiber type transition and could be used for glycogen 
synthesis. However, the possibility of a direct pathway for the 
synthesis of glycogen from lactate in muscle is only now becoming 
widely accepted. Chapter II of the dissertation provides evidence that 
this occurs in the chronically active GAST of dy2J mice.
The present dogma is that during high intensity exercise or 
contractile activity, skeletal muscles utilize glycogen as a major fuel 
for ATP production. If the exercise reaches a high level of intensity, 
the muscle can become glycogen depleted. It has also been found that 
during exercise the liver responds to humoral cues to metabolize its 
glycogen to form glucose. The glucose formed and released by the liver 
during exercise is utilized by the muscle for either aerobic or 
anaerobic ATP production. The anaerobic and aerobic (under certain
conditions, Connett et al. 1984, Connett et al. 1986) production of ATP 
by glycolysis results in the formation of lactic acid, which is 
released from the muscle into the blood supply, allowing lactate levels 
in the sarcoplasm to accumulate more slowly and allowing glycolysis to 
proceed. At the end of exhaustive, high intensity exercise both the 
liver and muscles are depleted of glycogen and blood lactate is 
elevated.
A substantial percentage of the lactate produced by the active 
muscles is transported to the liver via the blood supply where lactate 
is converted into glucose via the gluconeogenic pathway. The newly 
formed glucose can then be used for glycogen synthesis by either the 
liver or the skeletal muscle. It was shown that the glycogen supply in 
the liver is replenished after that in skeletal muscle (Fell et al. 
1980). Thus, immediately following exercise, the following cycle of 
events occurs: (a) the formation of lactate at the muscle from 
endogenous glycogen and blood glucose, (b) the transport of lactate to 
the liver via the circulation, (c) the formation by the liver of 
glucose from lactate, (d) the release of the newly formed glucose into 
the blood, and (e) the utilization of blood glucose by the muscle for 
glycogen synthesis. This cycle of events was initially described by 
Himwich et al. (1928) and further studied by Cori (1931), and is termed 
the Cori cycle.
One possible alternative to the Cori cycle is that glycogen could 
be synthesized from lactate by skeletal muscle directly. The 
possibility of glyconeogenesis occurring in skeletal muscle has 
received little attention compared to gluconeogenesis by the liver or
glycogen synthesis from glucose by skeletal muscle, which are two 
primary components of the Cori cycle. The first investigation of 
direct glyconeogenesis by skeletal muscle, using amphibian muscle, 
demonstrated a relationship between lactate uptake and glycogen 
replenishment following in vitro contractions (Meyerhof et al. 1925). 
However, subsequent studies were unable to duplicate these findings 
(Eggleton and Evans 1930, Sacks and Sacks 1935). The studies by 
Eggleton and Evans (1930) demonstrated that despite lactate 
concentrations of 0.12% (13 mM), frog muscle would not synthesize 
glycogen from lactate. However, skeletal muscles of eviscerated dogs 
were able to resynthesize glycogen from lactate. Furthermore, two- 
thirds of blood lactate was removed by the dog liver following 
exercise; thus, one-third of the blood lactate could have been utilized 
by skeletal muscle for glycogen synthesis. These data suggest both the 
Cori cycle and a direct glyconeogenic pathway in skeletal muscle for 
glycogen resynthesis (Eggleton and Evans 1930).
Sacks and Sacks (1935) demonstrated that during early recovery 
lactic acid was lost from the muscle. Also, during this time, muscle 
carbohydrate was decreased. However, if any of the lactic acid 
produced during exercise was used for glycogen synthesis, muscle 
carbohydrate should increase during the initial recovery time. What
was not taken into account by Sacks and Sacks (1935) was the fiber type
specificity for glycogen synthesis from lactate. Perhaps, some fibers 
are synthesizing glycogen from lactate, while others utilize 
carbohydrate for ATP production. Sacks and Sacks (1935) also
hypothesized that all of the lactic acid produced by the muscle entered
the blood where it could then enter into the Cori cycle.
Later studies with radiolabeled isotopes of pyruvate and lactate 
demonstrated glyconeogenesis could occur in skeletal muscle (Cavert and 
Boyd 1956, Gourley and Suh 1967, Hiatt et al. 1958, Moorthy and Gould 
1969, and Warnock et al. 1965). However, the exact pathway for 
conversion of pyruvate to phosphoenolpyruvate was unknown. Initially, 
pyruvate kinase (PK) reversal was proposed as the mechanism because 
there was little randomization of the ^C-labeled carbons from the 
lactate into the glucosyl moiety of the glycogen molecule (Hiatt et al. 
1958). Glycogen synthesis from lactate in the liver shows extensive 
randomization of label, due to the involvement of mitochondrial 
intermediates (Landau et al. 1955, Lorber et al. 1950). Thus, it was 
proposed that mitochondrial intermediates were not involved in skeletal 
muscle glyconeogenesis because randomization of the 14C-label would 
occur at the fumarase step of the Krebs cycle. One possible mechanism 
for glycogen synthesis from lactate explaining 14C-lactate incorporation 
without label randomization was the reversal of the PK reaction.
A second proposed mechanism utilizes cytosolic malic enzyme, 
malate dehydrogenase, and phosphoenolpyruvate carboxykinase (PEPCK) as 
a series of bypass enzymes to circumvent the PK reaction (Bendall and 
Taylor 1970, and Connett 1979). This was proposed due to the 
thermodynamic irreversibility of the PK reaction. All of these enzymes 
have been shown to be present in the cytosol of skeletal muscle fibers 
(Nolte et al. 1972, Pette 1968).
Studies utilizing a specific inhibitor for PEPCK, 3- 
mercaptopicolinic acid (3-MPA), yielded conflicting conclusions. The
addition of 3-MPA to an in vitro amphibian muscle preparation 
significantly decreased the amount of 1AC incorporated into glycogen 
from 14C-lactate (Connett 1979), suggesting PEPCK is involved in 
skeletal muscle glyconeogenesis. However, 3-MPA was shown to be 
ineffective in inhibiting glyconeogenesis by skeletal muscle in 
perfused rat (Shiota et al. 1984) and rabbit hindlimbs (Pagliasotti and 
Donovan 1990). Therefore, in mammalian muscle, PK reversal is the only 
alternative that takes into account both the lack of randomization of 
lactate carbon in glycogen synthesized from lactate and the lack of any 
effect of 3-MPA on glyconeogenic rates. It was also demonstrated that 
under appropriate conditions the reversal of PK is thermodynamically 
feasible (Dyson et al. 1975). Thus, the pathway for conversion of 
pyruvate to phosphoenolpyruvate remains unclear. Chapters III and VI 
of this dissertation address this issue and indicate the involvement of 
PEPCK in skeletal muscle glyconeogenesis.
A recent study examined the maximal capacities for skeletal 
muscle to synthesize glycogen from lactate in vitro and some possible 
regulatory factors (Bonen et al. 1990). Bonen et al. (1990) determined 
that glyconeogenesis has a pH and a lactate concentration dependence 
and that the maximal rate approaches 30% of that for glycogen synthesis 
from glucose in the extensor digitorum longus muscle of mice. This is 
a substantial level of glyconeogenesis because during high intensity 
exercise the concentrations of lactate in the blood are much higher 
than blood glucose (Hermansen and Vaage 1977). It was also 
demonstrated that insulin and corticosterone, both of which affect 
glycogen synthesis from glucose, have no affect on glycogen synthesis
from lactate (Bonen et al. 1990).
The capacities for different muscle fiber types to synthesize 
glycogen from lactate has also been evaluated (Bonen et al. 1990, 
Johnson and Bagby 1988, McLane and Holloszy 1979). In all of these 
studies, fast-twitch glycolytic fibers showed the highest rates of 
glyconeogenesis. All of these studies have focused on whole muscles 
which contain primarily a single fiber type. No study has evaluated 
the capacity for specific fiber types in a muscle of mixed fiber type 
to synthesize glycogen from lactate.
While it now appears that some skeletal muscles utilize lactate 
for glycogen synthesis under some circumstances, the importance of this 
pathway to mammalian muscle energetics has been questioned (Gaeser and 
Brooks 1984). It is clear, however, that fish (Batty and Wardle 1979) 
and reptiles (Gleeson 1985, Gleeson and Dalessio 1990) utilize 
glyconeogenesis to replenish muscle glycogen after exercise. In 
humans, it was estimated that only 10% of muscle glycogen is 
synthesized from glucose during recovery from a short-term highly 
intense bout of exercise, whereas the remainder comes primarily from 
lactate (Hermansen and Vaage 1977). It was also estimated that only 
10% of the lactate produced in the muscle passes into the circulation, 
less than 15% is oxidized to C02 and the remaining 75% is used for 
glycogen synthesis (Hermansen and Vaage 1977). Despite controversy 
over the importance of glyconeogenesis in skeletal muscle, this pathway 
may play an important role in the resynthesis of muscle glycogen 
following intense activity in humans and other mammals.
This dissertation consists of five separate chapters designed to
investigate the glyconeogenic and glycogenic pathways in normal and 
chronically active muscles. Chapter II reports the utilization of 
lactate for glycogen synthesis by normal and chronically active muscles 
in an in situ preparation with an emphasis on the fiber type 
involvement. This paper was published in the Journal of Applied 
Physiology with J. I. Scheide and H. Silverman as co-authors. In 
Chapter III, the enzymes involved in glyconeogenesis and glycogen 
synthesis and breakdown were determined in whole muscle and single 
muscle fibers using histochemical techniques. Chapter III was accepted 
for publication in the Journal of Applied Physiology, with H. Silverman 
as co-author and will appear in the July 1991 issue. Chapter IV is a 
study on whether or not muscle fibers, in particular muscle fibers that 
appear to store high amounts of glycogen, show variations in glycogen 
content along their length. Chapter IV was submitted for publication 
in the Anatomical Record, with Y.T. Hsu and H. Silverman as co-authors. 
In Chapter V, the capacities of insulin stimulated glucose uptake and 
glycogenesis are evaluated in both normal and chronically active 
muscles. Chapter V was submitted to the American Journal of 
Physiology. with H. Silverman as co-author. An in vitro analysis of 
glycogen synthesis from lactate was performed in Chapter VI. Chapter 
VI established the involvement of PEPCK in glyconeogenesis. Chapter VI 
also determined the pH optimum, and the response to contractile 
activity of glyconeogenesis and completes the body of the dissertation. 
It was submitted to the American Journal of Physiology with H.
Silverman as co-author. A summary chapter (Chapter VII) is followed by 
an appendix which describes closely related work. The appendix is an
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investigation of the utilization of alanine, a three carbon amino acid, 
as a glyconeogenic substrate in the diaphragm, a chronically active 
muscle under normal conditions, and in hindlimb muscles from normal and 
dy2J mice in vitro. A major portion of this work was performed by S.A. 
Mills for whom I served as a direct supervisor. This work was 
submitted to Respiration Physiology with S.A. Mills and H. Silverman as 
co-authors.
CHAPTER II. GLYCOGEN SYNTHESIS FROM LACTATE IN
NORMAL AND CHRONICALLY ACTIVE MUSCLE
Journal of Applied Physiology
11
12
Glycogen synthesis from lactate 
in a chronically active muscle
R O B E R T  J. T A L M A D G E , JO H N  I. SC H E ID E , A N D  H A R O L D  S IL V E R M A N  
D epartm en t o f Z oology an d  P hysiology, L ouisiana S ta te  U n iversity , B aton Rouge, Louisiana 7(1603
T a i. m a d o e . R o b e r t  J., J o h n  I. S c h e i d e . a n d  H a r o i .d 
S il v e r m a n  Glycogen synthesis from lactate in a chronically 
active muscle, j. Appl. Physiol. 66(5): 2231-2238, 1989.—In 
response ro neural overactivity (pseudomyotonia), gastrocne­
mius muscle fibers from C57B1/6J d y 7J/d y 7J mice have different 
metabolic profiles compared with normal mice. A population of 
fibers in the fast-twitch superficial region of the d y!J gastroc­
nemius stores unusually high amounts of glycogen, leading to 
an increased glycogen storage in the whole muscle. The d y -1 
muscle also contains twice as much lactate as normal muscle. 
A [MC]lacta;e intraperitonea! injection leads to preferential NC 
incorporation into glycogen in the dy-* muscle compared with 
normal muscle. To determine whether skeletal muscles were 
incorporating lactate into glycogen without body organ (liver, 
kidney) input, gastrocnemius muscles were bathed in 10 mM  
|"C )lactaie with intact neural and arterial supply but with 
impeded venous return. The contralateral gastrocnemius serves 
as a control for body organ input. By using this in situ proce­
dure, we demonstrate that under conditions of high lactate both 
normal and d y“  muscle can directly synthesize glycogen from 
lactate. In this case, normal whole muscle incorporates (“ C] 
lactate into glycogen at a higher rate than dy-1 whole muscle. 
Autoradiography, however, suggests that the high-glycogen- 
containing muscle fibers in the dy'!J muscle incorporate lactate 
into glycogen at nearly four times the rate of normal or sur­
rounding muscle fibers.
glyconeogenesis: dy3'1 mice; pseudomyotonia; dystrophic mice; 
muscular dystrophy
m a n y  St i  d i e s  have been  done id en tify in g  the effec ts  o f  
ch ron ic  m uscle stim u la tion  u sin g  the tech n iqu e o f  arti­
fic ia l, indirect m uscle s t im u la tio n  (23). T h e  d y 2'1 reces­
siv e  autosom al m utan t o f  the  C57B1/GJ m ouse stra in  
su ffers from a chron ic, in term itten t, neural stim ulation  
(pseudom yoton ia) o f  th e  h in dlim b  m usculature. T h e  
psm idom yntonic m uscle is ch ron ica lly  stim ulated  by the  
m otor nerve at a variable frequency, up to 100 Hz or in 
so m e cases by co n tin u o u s activ ity  la stin g  up to  h a lf  an  
hour (241. T he h indlim b m uscles o f  th is m ouse can  
therefore serve as a n oth er  m odel o f  chron ic m uscle a c ­
t iv ity .
S k e le ta l m uscles o f  m ice  affected  by p seudom yoton ia  
d isp la y  an abnorm al p eriod ic a c id -S c h iff  (P A S ) sta in in g  
p attern  (3 4 1. T h is  pattern  is the resu lt o f  an increase in  
glycogen  storage in so m e o f  th e  fa st-tw itch , g lycolytic  
(FO ) fibers o f the superficia l region o f  the gastrocnem ius  
m uscle . Sim ilarly, it h a s been  found th a t chron ic low  
frequency stim ulation  o f  th e  ex ten sor  digitorum  longus  
and tib ia lis anterior (both  fast-tw itch  m uscles) leads to
a sim ilar P A S  sta in in g  pattern  (12, 18). T h u s, chron ic  
m uscle activ ity  leads to an increased glycogen co n ten t in 
som e m uscle  fibers o f  the active m uscle.
W e h yp oth esize  that the high activ ity  o f  the pseudo-  
m yoton ic fast-tw itch  m uscle fibers in th e  superficia l 
region w ould cause an accum ulation  o f  lactate in the  
w hole m uscle. Secon d ly  that the locally  produced lacta te  
w ould be used by the less active or unaffected  m otor  
u n its for glycogen  syn th esis .
R ecen t stu d ies have dem onstrated  that glycogen s y n ­
th e sis  from  lacta te  by sk ele ta l m uscle occurs in a variety  
o f  an im als (1, 2 ,9 , 26). It has been suggested  tha t perhaps  
th is p a th w ay  is op erative in m any vertebrates, but it is 
on ly  im portan t in  the  lower vertebrates (8). H ow ever, 
M cL ane and  H olloszy  (19) have d em onstrated  that p er­
fused m am m alian  sk ele ta l m uscle does indeed  have th e  
cap acity  to syn th esize  glycogen from lacta te  at p h y s io ­
logically  s ig n ifica n t rates. S im ilarly , Joh n son  and B agby  
(14) have dem onstrated  that glycogen sy n th esis  from  
lacta te  m ay occur after exercise  in th e  rat.
In th is  stu d y  w e dem onstrate tha t lactate  and glycogen  
levels are increased  in th e  dy'2'1 m uscle and that b oth  
norm al and p seudom voton ic m uscles o f  m ice are capable  
o f  u tiliz in g  lactate  as a su b strate for g lu con eogeaesis. W e  
have m easured  the uptake o f  "C  into a glycogen fraction  
after an  in traperitoneal injection o f  14C -labe!ed lacta te  
and sh ow n  that the  high glycogen m uscle fibers in co r ­
porate lacta te  in to  glycogen w ith  the use o f  au torad i­
ographic tech n iqu es. F un ction ally  iso la ted  m uscles w ith  
in tac t nerve and arterial supply  were bathed  in [ l4C ]- 
lactate  to confirm  the ab ility  o f  m uscle fibers to in co r ­
porate lacta te  in to  glycogen ind ep en dently  o f in ternal 
body organs.
M E T H O D S
A n im als. A co lon y  o f  C 57B1/6J dystroph ic id y - ‘/ d y ' J) 
m ice, h en ceforth  (cfv2J>, h as been  m aintained  at the L ife  
S c ien ces A nim al Care F acility  at L ouisiana S ta te  U n i­
versity  for the la st 7 yr. M ice were judged to be pseu-  
d om yoton ic  (d y  ’1) by observation  of the h in dlim b s and  
the progressive lo ss  o f  h indlim b coord ination  during  
! cuced  stress. N orm al m ice are either +  / d y 1'1 or + / +  as  
r he dystrop h ic alle le  is an autosom al recessive 120). N o n e  
o f  the norm al an im als show ed  any ten dency  tow ard  
im paired h indlim b function . M ice were b etw een  3 and 6 
m on th s o f  age at th e  tim e o f  experim entat ion.
A n im als to be den ervaicd  were first an esth etized  w ith  
pentobarb ita l at 60 m g/kg  body w eighl. T h e  right leg
0)fn-75«7/S!) S l . r » 0  C o p y r i g h t  l  1 0 K 9  t h e  A m e r i c a n  I ' i n s i o l o ^ i c a l  S n e i e i y
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w as alw ays used for d en erva lion  and th e  left leg used  as 
an internal control. U n op erated  an im a ls were used  as 
additional controls. T h e  sc ia tic  nerve and its branch  
supplying the gastrocn em iu s w ere cu t a t  the sc ia tic  notch  
and about 1 cm o f nerve rem oved. T h e  w hole procedure  
routinely  took < 1 5  m in and  the  an im als were a llow ed  to  
recover for 1 day. G astrocn em iu s m uscles were rem oved  
and used for the d eterm in ation  o f  lactic  acid as w ill be 
described later.
A d m in istra tio n  of [ '* 0 ] lacta te . W hole anim al labeling  
experim ents were perform ed by in traperitoneal in jection  
as follow s. Norm al and d y 2,1 m ice were injected  w ith  1 ml 
o f  uniform ly labeled [ l4C ]la cta te  (N ew  E ngland N u clear  
R esearch Products) in 10 m M  lactic  acid . T h e veh icle  
con sisted  o f a m odified  L iley ’s  sa lin e  co n ta in in g  137 m M  
N aC l, 5 mM KC1, 2 m M  C aC l3, 1 m M  M gC l3, 24 mM  
NaHCO.i, and 1 m M  N a H 2P 0 4 (4). T h e  specific activ ity  
o f  the [U - ,4C ]lactate in jection  w as 11.1 M B q /m m o l la c­
tate (Bq =  1 d is in teg ra tio n /s ). T h e  p H  o f th e  final 
w orking saline w as 6.6.
T h e  m ice were k illed  by cervical d isloca tion  3 h after  
in jection  and the  t issu es p laced  in e ith er  30% K O H  for 
biochem ical iso la tion  o f g lycogen  or m oun ted  on cryostat 
chucks in preparation for autoradiography.
For the isolated  h in d lim b  ex p er im en ts , a n esth etized  
a n im als had the sk in  and th e  b icep s com p lex  o f th e  low er  
leg carefully d issected  aw ay to  ex p ose  th e  gastrocn em iu s  
m uscle, leaving the arterial supp ly , neural supply, and  
tendon  o f origin in tact. T h e  A ch illes  ten d o n  (g a strocn e­
m ius insertional ten don ) w as th e n  cu t to  free the  g a s­
trocnem ius leaving th e  m uscle  w ith  an adequate arterial 
supply. T he exterior o f  th e  m uscle  w as kept dam p u sin g  
L iley's saline during d issectio n . T h e  gastrocn em iu s m u s­
cle w as freed from  u n d erly in g  co n n ectiv e  t issu e  and  
although still a ttach ed  to  th e  an im al a t  its origin  w as  
then  positioned  carefu lly  in to  a 0 .6 -m l con ta iner. V en ou s  
return is severed during th e  d issectio n . T h is  procedure  
resu lts in an in situ  preparation . T h e  d y 2J gastrocnem ius  
m uscle m aintains p seu d om yoton ic  a c tiv ity  after th is  p ro ­
cedure.
T h e  container w as filled  w ith  L ile y ’s sa lin e  con ta in in g  
10 m M  lactate and [U -14C ]la cta te  w ith  a specific a ctiv ity  
o f  3.7 M B q/m m ol. T h e  p H  o f  th e  so lu tio n  was 6.6 . T h e  
m uscle was m aintained  in the  b ath  for 1 h, during w hich  
tim e additional vo lu m es o f  labeled  sa lin e  were added  to  
m aintain  a con stan t vo lum e. T h is  w as necessary becau se  
o f  siphon ing o f the  bath  so lu tio n  ou t o f  the  con ta iner, 
caused  bv tissue co n ta ct w ith  th e  lip o f  the  con ta iner. In 
som e cases the bath  w as gassed  w ith  95% 0>-5% CO-> 
throughout the exp erim en t. A t the  com p letion  o f  the  
bath tim e period the g astrocn em iu s m uscle  w as d issected  
out and washed in u n labe led  sa lin e  co n ta in in g  10 m M  
lactate for 5 min to rem ove an y  extracellu lar l4C from  
the m uscle. In add ition , th e  con tra la tera l gastrocnem ius  
m uscle, both triceps b rach ii, and  a p ortion  o f  liver tissu e  
were rem oved for an a ly sis . All d issectio n  occurred w hile  
the anim al rem ained an esth etized . A ll t issu es w ere p re­
pared for b iochem ical an a ly sis  o f  g lycogen  by im m ersion  
in 30% KOH as described  above. A ltern atively , th e  two  
gastrocnem ius m uscles w ere prepared for autoradiogra­
phy. T h e  an im al .vas k illed  by cervical d islo ca tio n  im ­
m ediately  after d issection .
H istoch em ica l m eth ods an d  au torad iography . C ryostat 
se c tio n s were sta in ed  for glycogen co n ten t u sin g  the P A S  
tech n iqu e o f  Luna (17). If slid es were to b e  analyzed  by 
autoradiography for 14C uptake, then they  w ere subjected  
to P A S  sta in in g  and p ostfixed  in 100% eth a n o l for 5 
m in. T h e  slid es were dried and dipped in m elted  K odak  
N T B 3  em u lsion  under sa fe ligh t con d ition s . A fter rem ov­
ing ex cess em u lsion  from the back o f  th e  slides, th ey  
were placed section  side up on a m etal tray  for 15 m in. 
T h ey  were then  transferred to  exposure boxes sec tio n  
side up. T h ese  boxes were wrapped in a lu m in u m  foil to  
p reven t ligh t leakage and stored  in a 4 .5°C  cold  room . 
S lid es were developed  at varying exposure tim es ranging  
from  1 to 4 wk. S lid es were developed  as follow s: 2 m in  
in a o n e -h a lf  d ilu tion  o f  K odak D ek to l d evelop er follow ed  
by a brief w ash in d istilled  w ater and fixed  in  30% sodium  
th iosu lfa te  for 8 m in. T h e se c tio n s  w ere th e n  dehydrated  
in a graded e th anol series, cleared in 100% xylene, 
m ounted  in P erm ou n t, and  air-dried a t  room  tem p era­
ture. R ep resen tative  slid es h avin g  the lo w e s t n on sp ecific  
exposure background and the  best t issu e  preservation  
were chosen  for an a ly sis . S ilver  grain  d ep o sitio n  w as 
q uantified  u sin g  a m icroscope equipped  w ith  the B io ­
q u an t sta tistica l package (B ioq u ant, N a s h v ille , T N ) and  
an IB M  p ersonal com puter. D em o n stra tio n  o f  m yofib ril­
lar A T P a se  and su ccin ic  dehydrogenase a ctiv ity  w as  
accom plished  as in Y ounger and  S ilverm an  (34).
B iochem ical iso la tion  a n d  qu an tifica tio n  o f  m uscle g ly ­
cogen. T issu es  to  be analyzed  for g lycogen  c o n te n t w en t  
through an in itia l glycogen  iso la tion  p ro to co l u sin g  the  
procedures o f  H assid  and Abraham  (11). T h e  procedure  
w as su ffic ien t to  separate un incorporated  ( 14C ]lacta te  in  
the tissu e  from the iso la ted  glycogen fraction  (data not 
sh ow n ). T h u s there w as no co n ta m in a tio n  o f  the  final 
p elle t by [14C ]lactate  and no in terferen ce in  liquid s c in ­
tilla tion  sp ectrop h otom etry  d eterm in ation  o f  l4C in the  
glycogen fraction . G lycogen  c o n ten t w as determ ined  
u sin g  A nthrone m ethodology (6, 11).
L a cta te  d e term in a tio n . L actate  d eterm in a tio n  w as by  
m ean s o f  a coupled  enzym e reaction , m easu rin g  reduced  
N A D  produced by lactate dehydrogenase. T h e  assay  w as  
conducted  in a 0.5 M g ly c in e -0 .1% h yd razin e buffer  
co n ta in in g  5 m g N A D , 25,000 U  lacta te  d eh y d ro g en a se /  
)d, 25 m1 d eprotein ized  sam ple in perch loric  acid, and  
H 20  to give a final volum e o f  3 ml. N A D H  production  
w as m onitored  sp ectrop h otom etrica lly  a t  3 6 0  nm . L a c­
tate m easu rem en ts are exp ressed  as m icrogram s la c ta te /  
g w et wt.
L iqu id  sc in tilla tion  sp ec tro p h o to m etry  p ro ced u res . T o ­
tal ,4C in a tissu e  fraction w as determ in ed  b y  p seudo w et  
ash in g  the tissu e  in 1 ml con cen trated  n itr ic  acid  at 70°C  
for 30 m in. A 100 ■■■ aliquot o f the n itr ic  ac id  d igest w as 
used for d eterm in ation  o f  l4C in the fraction . For d eter ­
m ination  o f  l4C incorporation  in to  g ly co g en  a 100-/al 
aliquot o f  the g lycogen -iso la ted  fraction  w a s used. T h e  
a liq u ot w as p laced in to  10 ml o f  liqu id  sc in tilla tio n  
cou n tin g  m ixture. C ou n tin g  con tin u ed  u n til a 2 S D  
spread o f  2.0% w as reached or to  a m axim u m  tim e o f  50  
min. For in traperitoneal in jection  ex p er im en ts , cou n tin g
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w as fur 10 m in or u n til 2 S D  spread  described above w as 
read ied .
A n u iytic  p rocedu res . S ta t is t ic a l an alysis o f  th e  data  
included  pairw ise S tu d e n t ’s £ te s ts  and an a lysis o f  vari­
an ce  to determ in e s ig n if ic a n t  d ifferen ces. W hen  s ig n if i­
can t d ifferen ces b eca m e a p p aren t w ith  the  use o f  a n a ly sis  
o f  variance, th is te s t  w as fo llow ed  by D u n can 's m u ltip le-  
range com parisons. A ll v a lu es  reported in the resu lts are 
reported as m eans ±  S E .
R E S U L T S
Glycogen a n d  la c ta te  c o n te n t in  norm al a n d  p se u d o -  
m yoton ic  m uscles. T h e  g lycogen  c o n ten t o f  norm al m ouse  
g astrocn em iu s m u scle  w a s 1.81 ±  0 .3 6  m g g ly c o g e n /g  w et  
w t, w hereas th e  tr icep s b rach ii (triceps) m uscle co n ta in ed  
1.58 ±  0 .20  m g /g  w e t  w t  (F ig . 1). In con trast, g lycogen  
co n ten t in the  sk e le ta l m u sc le s  o f  dystroph ic m ice  w ere  
3 .77  ±  0.34 m g /g  w et w t  for g a strocn em iu s and 2 .19  ±  
0.29 m g /g  w et w t for tr icep s. A  tw ofold  in crease  in  
glycogen  is seen  in  d y 2J g a stro cn em iu s m uscle over n or­
m al m uscle ( P <  0 .0 5 ), a lth o u g h  th e  d y 24 triceps, a m uscle  
w hich  d oes n ot rece iv e  p seu d o m y o to n ic  st im u la tio n , 
sh ow s no in crease in  g ly co g en  com pared  w ith  norm al 
m uscle (Fig. 1). T h e s e  resu lts  are c o n sis te n t w ith  th e  
su ggestion  tha t p se u d o m y o to n ic  m uscle  has in creased  
glycogen  co n ten t (3 4 ).
T o ta l lacta te  c o n te n t  in  p seu d o m y o to n ic  g a stro cn e­
m ius m uscles w as n ea r ly  tw ice  th a t  found in  th e  norm al 
gastrocn em iu s m u sc le  a s  m easu red  by en zym atic  a ssay  
(519.4  ±  73.4 /jg la c ta te /g  w et w t v s. 312.6 ±  61.4 f ig /g  
w et wt, P  <  0 .05, F ig . 2 ). T h e  d y 24 lacta te  co n cen tra tio n  
is  estim ated  to  be 8  m M  if  0 .76  m l t issu e  w a ter /g  w et w t  
is  assum ed for th e  a n a ly zed  m u sc le s  (30). A s early  as 24 
h after exp erim en ta l d en erv a tio n  o f  th e  p seu d om yoton ic  
gastrocn em iu s, la c ta te  c o n te n t  w as reduced to contro l 
levels (399.4 ±  8 9 .6  fig / g  w et w t  for norm al an d  398 .2  ±  
53.5 jig /g  w et wt for d y 2J). H ow ever, th e  d y 24 c o n tra la t­
eral m uscle, w h ich  r e ta in ed  its  neural supply and th e re ­
fore its p seu d o m y o to n ic  a c tiv ity , co n tin u es  to sh o w  high  
lactate co n ten t (599.1  ±  99 .3  ixg/g  w et wt vs. norm a) 
435.8  ±  125 Mg/g w et w t).
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Kin. 1. M ean glycogen c o n te n t in a  forclim b U riceps) an d  h ind lim b 
(gastrocnem ius) m uscle o f  n o rm a l a n d  (iv‘ 1 mictr Sam ple sizes w ere 8 
for all groups. K rrur bars , S E . * T h e  civ71 gastrocnem ius is signiticnnLlv 
d ifferent front the  o th e r  m u sc les  in glycogen con ten t IP  <  0.05).
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KIG. 2. M ean  la c ta te  c o n te n t in no rm al, d y u  g as trocnem ius m uscles 
(con tro l), d en e rv a ted  m uscles, an d  c o n tra la te ra l m uscles from  dener- 
vation  expe rim en ts. S am p le  sizes w ere 12 n o rm a l con tro ls , 8  d y u  
con tro ls , an d  4 fo r each  o f rem ain in g  groups. E rro r  b a rs , S E . * N orm al 
m uscie c o n ta in s  s ign ifican tly  less la c ta te  th a n  d y u  m uscle (P  <  0.05). 
T h is  d ifference is lost a fte r  d en e rv a lio n , w hereas co n tra la te ra l dy™ and  
norm al m uscle? m a in ta in  sig n ifican t d iffe rence seen  in  con tro l m uscles.
f u C ]la c ta te  in corpora tion . A fter  a 1-m l in trap eriton ea l 
in jection  o f  10 m M  [U -'4C ]la cta te  a t a sp ec ific  ac tiv ity  
o f  11.1 M B q /m m o l, an d  a 3 -h  m eta b o lic  in cu b ation  
period , s ig n if ica n t lab e lin g  o f  th e  g ly co g en  fraction  iso ­
lated  from  th e  g a stro cn em iu s m uscle  w a s observed . A 
threefo ld  in crease  in th e  in corp oration  rate is  ob served  
in  th e  p seu d o m y o to n ic  m u scle  v s. th e  norm al m u scle  
su ch  tha t d y 24 gastro cn em iu s in corp orates 175.33 ±  31 .67  
B q  in to  th e  g lycogen  fraction  from  th e  [14C ]- 
lacta te  an d  norm al m u scle  in corp orates 54 .6 7  ±  17.33 B q  
(n  =  8 for b o th  d y 24 an d  norm al, P  <  0 .05 ).
A n alysis o f  au toradiograph s (F ig. 3 ,A  an d  B )  o f  norm al 
and  p seu d o m y o to n ic  g a stro cn em iu s m u sc le  revea ls th a t  
i t  is  prim arily  a se le c t  p o p u la tion  o f  fibers th a t sh ow  
d ep osition  o f  HC in tracellu larly  from  a [“ C lla c ta te  in tr a ­
p eriton eal in jectio n . T h e se  se le c t  fibers are all in te n se ly  
sta in ed  by P A S  m eth od o logy , in d ica tin g  h igh  glycogen  
co n ten t. In norm al m uscle  th e se  fibers are a b sen t and  
corresp on d ingly  o n e  d oes n o t se e  a n y  fib ers w ith  a high  
degree o f  UC d ep o sitio n . In co n tra st , n orm al fibers sh o w  
uniform  lab elin g . Such  ex p er im en ts in d ica te  o n ly  MC 
in corp oration  b u t ca n n o t sep arate  g lu co n eo g en ic  a c tiv ity  
o f  the  m u scle  fibers th e m se lv es  from  th e  m eta b o lic  c o n ­
trib ution  o f  b od y  organs such  as th e  k id n e y  and liver.
In situ  ex p er im en ts w ere d on e  to  iso la te  th e  m u scle  
con trib ution  from  body organ co n tr ib u tio n . In th e se  e x ­
p erim en ts, m u sc le s w ith  in ta c t  neural an d  arteria l b lood  
supp ly  and  b a th ed  in 10 m M  [ l'lC ]la c to te  (sp ec ific  a c t iv ­
ity  =  3.7 M B q /m m o l la cta te ) for 1 h w ere ab le to in co r ­
p orate 14C in to  th e  g lycogen  fraction  (T a b le  1). B o th  
norm al and d y 24 g astrocn em iu s m u sc le s  w ere cap ab le o f  
in corp orating  [ l4C ]la cta te  in to  g lycogen . T h e  norm al 
m uscle did so  a t a s ig n if ica n tly  (P  <  0 .05 ) greater rate  
than  th e  dy"'. T h e  con tra la tera l g a stro cn em iu s, tr icep s  
m uscles, heart, and  liver w ere a lso  a ssa y ed  for WC in  
the ir  g lycogen  fraction s. In all ca ses, no MC co u n ts  above  
background w ere d etected  in the  iso la ted  g lycogen  o f  
th ese  tissu es  (T ab le  1). T h e  b ackground  level co u n ts  in
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kig. 3. A uto rad iographs of superfi­
cial g astrocnem ius  m uscles a fte r  expo­
su re  to  (MC jlac ta te . M uscles are  stained  
w ith period ic ac id -S ch iff for detnonsrra- 
tion  o f  glycogen. A  and  B\ norm al and 
d y s tro p h ic  m uscles exposed to  label by 
in tra p e rito n e a l in jection , respectively. 
N ote  un ifo rm  labeling  of norm al fibers 
in A . In  B  v a ria tio n  in  glycogen content 
is seen  in  d y 23 m uscie, and  arb itrary  
g roup ing  o f fibers is docum ented: dark 
or high-glycogen fibers (dk), in term ed i­
a te  fibe rs (i), an d  light fibers (1). Note 
large n u m b e rs  o f g ra in s  seen  over dark 
fibers a n d  re la tive ly  few g ra in s  ap p ear­
ing o ver light fibers. C and  I): norma! 
and  d y 93 m uscles th a t  have been exposed 
via th e  in  s itu  b a th  procedure . N ote re l­
ative  lack  o f g ra in s  in  C, w ith  only outer 
rim  o f  fibers show ing  any accum ulr'..vi: 
o f g ra in s. I )  show s a sim ilar p a tte rn  to 
th a t  seen  in  B , b u t again  grain  quan tity  
ap p e a rs  to  decrease gradually  w ith d is­
ta n ce  from  p e rip h e ry  o f m uscle to  center. 
D ark  fibers st.itl show  largest accum ula­
tion  o f  g ra in s, b u t th o se  on su rface  show 
m ore g ra in s  th a n  d a rk  fibers in  im er: : r. 
B ars, 100 /mi.
th e  t issu es were a lw ays w ith in  the standard  error term  
for a no label control that con ta in ed  on ly  coumip.i: m ix­
ture and 100 /d o f d istilled  water.
T o  determ ine w heth er Oy or CC)■> w as lim iim j v» in ­
corporation , som e bath  ex p er im en ts w ere periormvc: with  
95% 0 ^ 5 %  CO-, bubbled through  the bath solution dur­
ing th e  exp erim en t. T h ere  w ere no d ifferences m incor­
poration  observed  w hen gas w as applied  vs. without gas 
in either norm al or d y 2'1 m u sc le  p reparations (Table 2).
A utoradiography o f th e  b ath ed  p seudom yotonu  m us­
c les reveals again  that th e  popu lation  o f fiber* that 
con ta in  high am ou n ts o f  g lycogen  show  an increased  
d ep osition  o f  label. N orm al m uscle d oes not com a::: this
population  of libers and did n o t sh o w  an y  fibers d ep os­
iting mure label than any o th ers. P resu m ab ly  because of 
the short tim e period allow ed  for th e  labeled  lactate to 
diffuse int o t he tissu es from th e  b a th , on ly  the  outer ring  
o f fibers to A fibers deep) d isp la y ed  an y  m ajor label 
deposit ion (Fig. d, C and D ).
Q u an tita tive an alysis o f  d ep o sited  gra in s in the  bn; bed 
musch- experim ent w as used to  a sse ss  UC incorporation  
by individual m uscle fibers. F ib ers in p seu d om yoton ic  
m uscle were arbitrarily a ss ig n ed  to  o n e  o f  three  groups 
based on 1’AS sta in in g  in te n s ity  (dark, ligh t, and  in ter­
m ediate) and normal fibers m ade up a fourth group. Five 
superficial fibers from each  o f  th e  four groups were
16
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T A B L E  1. '4C incorporation in to  glycogen  fraction  
of tissu es taken  from  m ice a fter  "iso la te d " 
g astrocn em iu s exposure to f u C ]la c ta te  in vivo
Tissue Wv*1 Normal
G astrocnem ius
B athed 203.0 ± 23.0* <8> 373.0±57.0 (8)
C ontrn lateral 0 (8 ) 0 (8 )
T riceps 0 (8) 0 (8 )
Liver 0 (7 ) 0 (71
H eart 0 (6 ) 0 (6 )
V alues are m eans r  >E in nm ol la c ta te  per g m uscle wet w t 
incorpora ted  per h for no. of sam ples ind ica ted  in p aren theses . All 
values recorded as  zero indicate th a t m easured  MC in tissue w as n o t 
above background. * S ignificantly d ifferent from  norm al. P  <  0.05.
t a b l e  2. E ffects of 95%  0 2-5%  C 0 2 on >4C  
incorpora tion  in to  glycogen fraction  o f tissu es  
fro m  m ice a fter  "isolated”g astrocn em iu s  
exposure to [ >4C ]lacta te in vivo
Animal With Gaa Without Gas
dy* 205.0±40.0 (4) 212.0±28.0 (4)
N orm al '.'y .;.0 rl02 .0  (4) 354.0±67.0 (4)
Values are m eans = SE in nm ol la c ta te  per g m uscle wet w t 
incorporated  per h for no. of sam ples ind ica ted  in p aren theses . N o 
significant differences were found.
0 .3 5
0 .3 0
r\j
F 0 .2 b
3
\ 0 .2 0
Vtc 0  15o
cn 0 .1 0
0 .0 5
0 m
Dork In te rm e d ia te  Light 
F iber Type
N orm ol
p ic . 4. G raph ic analysis of exposed s ilver g ra ins found over arbi* 
tra rily  estab lished  fiber groups represen ted  in Fig. 3, C  and  D. F iber 
types are  dark , in term ediate , and  light fibers from  the  d y iJ m uscle and 
norm al m uscle fibers. Values rep resen t m ean o f 5 fibers for each  fiber 
group afte r  in vivo bath  exposure to  labeled lac ta te . E rro r bars , SE. 
D ark d y v  fibers ore significantlv  d ifferent from  all o th e r groups (P  <  
0.05).
random ly chosen  from a sin g le  rep resen tative au toradi­
ograph and analyzed. T h e  num ber o f  exposed  silver  
grains per fiber cross-sectional area are show n in F ig . 4. 
A s d em onstrated  in Fig. 4, the  P A S -in te n se  (dark, high  
glycogen con ten t) fibers con ta in ed  th e  m ost g ra in s//im 2 
a t 0 .295 ±  0.029. T h is value is a lm ost 8 t im es greater  
than  th a t found in pseudom yoton ic ligh t fibers (0 .038 ±  
0 .016 gra in s/jim 2, P  <  0 .001), 2 tim es greater than in te r ­
m ed iate fibers (0.14S ±  0 .036 grains/Tun2, P  <  0 .05), and  
a lm ost 3.5 tim es greater than  fibers from  norm al m uscle  
(0.085 ±  0 .050 grains/#im 2, P  <  0 .01).
A T P a se  h istochem istry  reveals tha t th e  superficial 
region o f  the  gastrocnem ius m uscle  in d y 2J m ice co n ta in s
v irtu a lly  all fa st-tw itch  fibers (Fig. 5). T h is  region in the  
norm al m ouse is com posed  en tirely  o f  F u  fibers (7). in 
th e  d y u  m ouse, m ost o f  these  fibers dem onstrate an 
in creased  o x id a tiv e  capacity  above norm al (27). H ow ever
1
mi
m
FIG. 5. S eria l sec tions  of superficial gastrocnem ius m uscle from  a 
d y 4* m ouse. S ections  a re  reacted for A TPnse nt pH  9.8 t.-W. succinate  
dehydrogenase ac tiv ity  (H i  and glycogen con ten t i f :  periodic acid- 
S ch iff). All fibers in th e  region are  fast-tw itch  (A). M any fibers have 
an  increased  ox ida tive  capacity  (/?). T hose fibers con ta in ing  high 
a m o u n ts  o f glycogen (C) have re ta ined  a low oxidative capacity . E x ­
am p les  o f  high- (H ), in term ediate- (1), and  low- (L) glycogen-containing 
fibe rs followed th rough  the  —rial. Bur, 100 pm.
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th e  h igh-glycogen  fibers have not in creased  in oxidative  
capacity. T h ese  find in gs are sim itar to p revious stu d ies  
(3-1). T h ese  h igh-glycogen  fibers are the group tha t sh ow s  
enhanced  label in corporation  after exp osu re to labeled  
lactate as seen in Fig. 3.
D ISC U SSIO N
Y ounger and S ilverm an  (34) d em on stra ted  tha t som e  
fibers found in the  gastrocn em iu s m uscle  o f  d y2'1 m ice  
stored  unusually high am ou n ts o f  g lycogen  w hereas o th ­
ers appeared d ep leted  and s t ill  o thers appeared  norm al. 
T h u s, it appears th a t the in crease  in to ta l glycogen in 
the w hole m uscle is the resu lt o f  the  presen ce  o f  a se lec t  
population o f  fibers that have in creased  their glycogen  
stores. T hese fibers are loca ted  in the sup erficia l region  
o f  the gastrocnem ius (34), a region w hich  d oes not su ffer  
from the degenerative ch an ges assoc ia ted  w ith  the d y 23 
con d ition  early in  life  (7, 27) (see Fig. 5). T h is  region is 
occupied  prim arily by fa st-tw itch  fibers (Fig. 5) (98%  
fast-tw itch  g lyco ly tic  in  th e  norm al m uscle) (7), w hereas  
it is prim arily th e  ox id ative  fibers in th e  deep region o f  
the m uscle that degen era te  early  in life (3, 27). T herefore, 
the  area o f  in terest is con sid ered  to  be nondegen erative.
M aier and P e tte  (18) and  H udlicka e t  al. (12) have 
d em onstrated  a sim ilar  g ly co g en -sta in in g  pattern  in n o r­
mal fast-tw itch  m uscle  sub jected  to ch ron ic , ind irect 
stim ulation . T h erefore , th e  sta in in g  p attern  seen  in  the  
superficial gastrocn em iu s o f  th e  d y 2J m ou se  appears re­
lated  to the o v eractiv ity  im posed  upon  th is  m uscle. F ur­
ther evidence for th is  p o in t is  th e  rapid lo ss  o f  h igh- 
glycogen  fibers a fter  eith er  d en ervation  (29) or ph en yto in  
therapy (34), b oth  o f  w hich  rem ove th e  p seu d om yoton ic  
overactivity.
W e dem onstrate tha t p seu d o m y o to n ic  m uscles also  
con ta in  sign ifican tly  h igher am o u n ts o f  lacta te  than  do 
norm al controls. T h e  high la cta te  in th e  d y 23 g astrocn e­
m ius is presum ably produced  by th e  in creased  activ ity  o f  
the fast-tw itch  fibers th a t are orig in a lly  g lyco lytic  in 
m etabolic profile (10 , 27). S o m e  o f  these  fibers are clearly  
active as d ocu m ented  by e lectrom yograp h ic recording  
from  th is region (27). W e h y p oth esize  a cau sa l re la tion ­
sh ip  betw een a h igh  lactate  en v iro n m en t and glycogen  
syn th esis  from la cta te  by so m e fibers situ a ted  in th is  
environm ent. S upport for th is  argu m en t is as follow s. 
D enervation  reduces g lycogen  co n ten t (29) and lactate  
concentration  as d em on stra ted  in th is  study. Further, 
experim ents on norm al m u scle  su ggest th a t glyconeo- 
gen esis from la cta te  by sk e le ta l m uscle is  a v iable a lter ­
native for lactate  rem oval from  active m u scles (13, 21). 
Joh n son  and B agby (14) an d  S te v en so n  et al. (32) have 
dem onstrated  th a t  rat fa st-tw itch  m uscle  will u tilize  
lactate to rep len ish  glycogen  su p p lies a fter  exercise, on ly  
w hen high blood lactate  lev e ls  are m ain ta in ed  for an 
extended  period o f  tim e. T h is  is sim ilar to  the  situ a tion  
o f  th e  dy-’1 m uscle, a s it is co n tin u a lly  b ath ed  in lactate  
presum ably produced  by th e  active m otor  un its in the  
m uscle.
T h is  study con firm s th e  cap acity  for norm al and p se u ­
dom yotonic m uscles to sy n th esize  g lycogen  d irectly  from  
lactate. T he process occurs a t p h ysio log ica l con cen tra ­
tio n s o f lactate. In the d y 23 m uscle, th e  lactate co n cen ­
tration is calcu lated  to be ~S  mM  u sin g  a m uscle w ater  
estim ate  o f 76% (30). Further, under certain  exercise  
con d ition s, blood lactate con cen tra tion s can easily  e x ­
ceed th is level in hum ans (5); thus all exp erim en ts were  
perform ed at high but p h ysio log ica lly  relevant lactate  
con cen tration s.
Injection o f  [l4C ]lactate into m ice, su fferin g  from  p seu ­
dom yoton ia , resulted in labeling o f  the iso la ted  glycogen  
fraction from sk ele ta l m uscles. T h e  rate o f  incorporation  
was sign ifican tly  greater in the p seu d om yoton ic  m uscle  
vs. th e  norm al m uscle. T h is  is c o n s is te n t  w ith  in vitro  
experim ents tha t dem onstrate th a t th e  incorporation  o f  
HC from lactate in to  glycogen by rodent sk ele ta l m uscle  
is d ependent on  the lactate co n cen tra tion  p resen ted  to 
the m uscle (19). B ecause the lactate  co n cen tra tion  o f  the  
pseudom yoton ic m uscle is sig n ifica n tly  greater than  the  
norm al m uscle it  incorporates m ore lacta te  in to  glycogen  
than  norm al m uscle.
B ecau se the label w as introduced  via an in traperito ­
neal in jection , the contribution  o f  body organs (liver, 
kidney) to  labeling o f  m uscle g lycogen  m u st be co n sid ­
ered. It is well docum ented  that the liver (15, 16, 33) and  
the k idneys (22) u tilize  lactate for g lycon eogen esis. 
N ew ly  syn th esized  glucose can  th en  be transported  to 
the m uscle by th e  vascular system  and  su b seq u en tly  used  
for glycogen sy n th esis  by the m uscle , thu s con trib utin g  
to th e  label observed in the m uscle glycogen .
T herefore, sk ele ta l m uscles w ere iso la ted  aw ay from  
the body organs w hile  still m a in ta in in g  an in situ  prep­
aration. In th e se  experim ents b o th  norm al and  d y 23 
gastrocnem ius m uscles were sub jected  to high lactate  
con d ition s w ith  [14C ]lactate added to fo llow  its in corp o­
ration  in to  glycogen . T h e  sc ia tic  nerve and arterial v a s­
culature rem ain in tact allow ing the  m uscle  to rem ain  
viable and p seudom yoton ia  to persist in  th e  d y 23 m uscle. 
In th is  preparation the  contralateral lim b con tro ls for 
body organ input. If labeled lacta te  were to en ter  the  
blood supply  during the incubation  period, incorporation  
o f labeled  glucose produced by th e  body organs in to  
glycogen would be observed in the con tra la lera l lim b.
W'ith the use o f  autoradiography, o n ly  th e  h igh -g ly co ­
gen fibers are observed to incorporate any appreciable  
am ount o f  lactate. It is probable th a t th ese  fibers are 
a ctively  syn th esiz in g  glycogen a lthou gh  the surrounding  
fibers are the actively  contracting, p seu d om yoton ic  fibers 
that produce the  high lactate en v iron m en t. In every case, 
w hether d y 23 or norm al, the con tra latera l m uscles  
show ed no incorporation o f UC in to  glycogen . Forelim b  
triceps and liver o f an im als w ith  b ath ed  h in dlim b s a lso  
show ed  no incorporation  o f  UC in to  glycogen . T h u s the  
hindlim b w as su ffic ien tly  isolated  aw ay from th e in ternal 
body organs, a llow ing d em onstration  o f  d irect m uscle  
incorporation. T h e  incorporation rate o f  MC from lactate  
in to  glycogen by norm al gastrocnem ius m uscle exposed  
to high lactate w as 374 n M - g - ' - h -1 a t 10 mM  lactate. 
M cL ane and H olloszy  (19) observed  an incorporation  
rate o f  11,500 n M -g" '-h " ' a t 12 m M  lactate during  
perfusion  in rat h indlim b m uscle.
Several d ifferences in protocol are likely  responsib le  
for th e  lower incorporation rates observed  in our stud ies. 
In our bath experim ent, the lactate  passed  to the m uscle
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fibers through th e  co n n ectiv e  t issu es instead  o f  the  v a s­
cular system  as in M cL an e and H o llo szv ’s (19) ex p er i­
m ents. A utoradiography dem onstra tes that o n ly  th ose  
fibers located a t  the  periphery o f  the m uscle  w ere su b ­
jected  to the lacta te  bath co n d itio n s (because o f  d iffu sion  
and dilution e ffects). In th is  regard our data are u n d er­
estim ates o f  to ta l [■''CJlactate in corporation , b ecau se  
on ly  peripheral fibers had access to  th e  [1JC ]!actate and  
the  whole m uscle, in clu d in g  centra l fibers, w as used  in  
th e  b iochem ical an alysis .
Other d ifferen ces that m ay affec t g lv co n eo g en esis  from  
lactate include the  pH  and  CO 2 co n cen tra tio n s in th e  
bath ing or perfu sin g  so lu tio n s. Benda!! and T a y lo r  (2) 
have suggested  th a t h igh  p H  and high C 0 2 c o n cen tra ­
tio n s are stim u la tory  to  g ly co n eogen esis from  lactate. 
M cLane and H ollo szy  (19) m ain ta in ed  a pH  o f  7.3 and  
gassed the perfu sate  w ith  95% 02-5%  CO 2 . In our ex p er­
im ents, the pH  o f  th e  b a th in g  so lu tion  w as 6.6 a fter  th e  
addition o f  the  10 m M  lactic  acid. B ubbling th e  bath  
w ith 95% 02-5%  C 0 2 had n o  effect on in corp oration .
T h e  actively  co n tra ctin g  p seu d om yoton ic  w h o le  m u s­
cle incorporated [14C ]lacta te  in to  its  glycogen fraction  at 
a rate (208 n M -g _1.h - ') s ig n ifica n tly  less than  th e  n o r­
m al m uscle under id en tica l con d ition s. T h is  is p resu m ­
ably the resu lt o f  the  p resen ce  o f  the m any actively  
contracting (p seu d om yoton ic) fibers located  in  th e  su ­
perficial region o f  the  p seu d om yoton ic  m uscle (28, 29). 
T h ese  con tractin g  fibers, w h ich  con tin u e  to  con tract  
under an esth esia  (27), w ould  be producing or o x id iz in g  
lactate, but n o t u sin g  it  for g lycogen  sy n th esis . B eca u se  
o f  an esth esia  a ll fibers in  norm al m uscle  are inactive;  
therefore all fibers can  be in  a g lycon eogen ic  m ode as  
opposed to th e  d y 2’’ m u scle  in  w hich  on ly  th e  in active  
fibers can be in  a g lycon eogen ic  m ode. T h e  autorad iog ­
raphy data are c o n s is te n t  w ith  th is  thou gh t (see F ig. 3A ). 
In the  d y2J m uscle, th e  darkly  sta in in g  (high glycogen )  
fibers contain  a lm o st e ig h t t im es the  am oun t o f  label as 
do the light fibers and tw ice  as m uch as th e  in term ed ia te  
fibers. N orm al m uscle  fibers on  the  other hand  are s im ­
ilar to the in term ed ia te  fibers in th e  d;. ’J m uscle. T h u s  
the  PA S dark fibers are syn th esiz in g  glycogen  at high  
rates d irectly from  la cta te , in term ed iate and norm al f i­
bers at low er rates, and ligh t fibers m ay actu a lly  be in 
n et g lycogenolysis. T h erefore  the net w hole m uscle  g ly ­
cogen sy n th esis  from  lacta te  rate is decreased to  a level 
below  that observed  w hen  norm al m uscle is exp o sed  to  
high lactate co n d itio n s . T h ere  is a greater than  norm al 
incorporation o f  lacta te  in to  glycogen under th e se  c o n ­
d ition s by th o se  fibers responsib le  for th e  in creased  
glycogen c o n ten t in th e  dy~J m uscle.
Sahlin  (25) h as recen tly  offered tw o h y p o th eses for the  
fate o f  lactic acid produced by active sk ele ta l m uscle. 
One h yp oth esis s ta te s  th a t  som e m uscle fibers produce  
iacta*? w hereas other surrounding fibers utilize  lacta te  
as an oxid izable energy source. T h e  second  on e sta tes  
th a t lactic acid  eq u ilibra tes w ith  pyruvate and th u s o x i­
dation o f pyruvate w ill a lso  con trib ute  to lacta te  rem oval. 
Stan ley  and B rooks (31) offer a third p ossib ility  that 
sta tes that so m e fibers b oth  produce and oxid ize lactate. 
W e suggest th a t a lthou gh  som e fibers in active  m uscle  
m ay produce a n d /o r  ox id ize  lacta te  and th a t lacta te  will
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equ ilibrate w ith  pyruvate, lactate can also be used by  
som e m otor u n its o f  an active m uscle as a substrate for 
glycogen  syn th esis . L astly , we conclude that one ex p la ­
n ation  for the p resence o f  the high g lycogen -con ta in in g  
fibers w ith in  chron ically  active sk ele ta l m uscle w ould be 
an in creased  usage o f  the lacta te  to glycogen pathw ay by  
le ss  active  m otor u n its because o f  the  p resence o f  a h igh  
lacta te  environm ent. T h e  increased  glycogen stores  
w ith in  th e se  fibers m ay then  provide th e  m uscle w ith  an  
in creased  resistan ce to  fatigue as expressed  by H udlicka  
e t  al. (12).
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Chapter III: GLYCONEOGENIC AND GLYCOGENIC ENZYMES IN
CHRONICALLY ACTIVE AND NORMAL SKELETAL MUSCLE
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INTRODUCTION
Vertebrate skeletal muscle has the capacity to synthesize glycogen 
from lactate (Bonen et al. 1990, Connett 1979, McLane and Holloszy 
1979, Pagliasotti and Donovan 1990, Talmadge et al. 1989). Chronically 
active muscles, including the pseudomyotonic gastrocnemius from the dy2J 
(dystrophic) mouse, apparently have an increased capacity to utilize 
lactate for glycogen synthesis (Talmadge et al. 1989). Pseudomyotonic 
muscles, as well as other chronically active fast-twitch muscles 
(Hudlicka et al. 1977, Maier and Pette 1987), contain muscle fibers 
with elevated glycogen levels (Younger and Silverman 1984). These 
fibers in the pseudomyotonic muscle have an increased ability to take 
up lactate in in situ experiments. While all fibers in the muscle show 
some capacity to incorporate lactate into glycogen, the specialized 
high glycogen fibers do so at a much higher rate than other fibers 
(Talmadge et al. 1989). The specialized fibers apparently do not 
undergo as much contractile activity as the majority of fibers in the 
muscle since the specialized fibers do not have an increased oxidative 
capacity, as do the majority of fibers (Younger and Silverman 1984). 
Thus, it is hypothesized that these less active fibers take advantage 
of the extracellular lactate released from chronically active fibers 
and utilize it for glycogen synthesis (Talmadge et al. 1989).
In this report, we analyze the activities of glyconeogenic 
enzymes in whole muscle extracts of both normal and chronically active 
muscles. The enzymatic adaptations leading to the high lactate 
incorporation in the muscle, and particularly the specialized
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glyconeogenic fibers, have not been investigated. These adaptations 
may be important components of muscle fiber response to exercise, 
aerobic training, and abnormal neural activity. Chronic muscular 
activity leads to changes in the enzymes associated with the 
contractile apparatus, sarcoplasmic calcium regulation and oxidative 
energy production (Hargroder et al. 1986, Pette 1984). Exercise 
training also leads to adaptations associated with contractile function 
(Baldwin et al. 1986), and with the enzymes associated with the 
production of ATP (Holloszy and Coyle 1984). Adaptations in the 
enzymes associated with glyconeogenesis in response to chronic 
contractile activity or aerobic training have not been well studied.
The enzymatic process by which skeletal muscle converts lactate 
into glycogen is unknown, but it is known that the process is not a 
mass action reversal of the glycolytic pathway (Krebs and Woodford 
1965). There are two steps in the glycolytic pathway considered to be 
irreversible: the reaction catalyzed by phosphofructokinase (PFK, EC
2.7.1.11), and the reaction catalyzed by pyruvate kinase (PK, EC 
2.7.1.40, see Fig. 1). The bypass reaction utilized to circumvent PFK 
requires fructose 1,6 bisphosphatase (FBPase, EC 3.1.3.11). Two 
possibilities exist for the conversion of pyruvate to 
phosphoenolpyruvate in skeletal muscle. The first involves the 
formation of oxaloacetate and the subsequent formation of 
phosphoenolpyruvate (PEP) by phosphoenolpyruvate carboxykinase (PEPCK,
EC 4.1.1.31). In the liver, oxaloacetate is formed from pyruvate by 
the enzyme pyruvate carboxylase (PC, 6.4.1.1), but PC is not present in
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Figure 1. Proposed bypass reactions for pyruvate conversion to 
phosphoenolpyruvate, involved in the glyconeogenic pathway in skeletal 
muscle. Pathway 1 involves the simple reversal of pyruvate kinase. 
Pathway 2 involves 3 cytosolic enzymes (malic enzyme, malate 
dehydrogenase, and phosphoenolpyruvate carboxykinase) and 2 
intermediates (malate and oxaloacetate). The larger arrow at PK 
represents the kinetically favored direction. Abbreviations: EN, 
enoiase; PK, pyruvate kinase; LDH, lactate dehydrogenase; ME, malic 
enzyme; MDH, malate dehydrogenase; and PEPCK, phosphoenolpyruvate 
carboxykinase.
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skeletal muscle (Keech and Utter 1963). Therefore, oxaloacetate may be 
formed by a two step cytosolic pathway in muscle, involving the 
formation of malate from pyruvate by malic enzyme (ME) (NADP+-linked 
malate enzyme, EC 1.1.1.40) and subsequently the formation of 
oxaloacetate from malate by malate dehydrogenase (MDH, EC 1.1.1.37) 
(Connett 1979). Oxaloacetate is converted to phosphoenolpyruvate by 
PEPCK. All three of these enzymes are present in the cytosol; 
therefore, mitochondria may not be involved. The second possibility 
involves the reversal of pyruvate kinase and under certain conditions 
the kinetics of the PK reaction favor the formation of 
phosphoenolpyruvate (Dyson et al. 1975).
In this study, we examined whole muscle enzymatic activities of 
skeletal muscle glyconeogenic enzymes: glycogen synthase (GS, EC
2.4.1.11); the putative pyruvate kinase bypass enzymes, ME, MDH, and 
PEPCK; the PFK bypass enzyme, FBPase; and a key glycogen catabolic 
enzyme, glycogen phosphorylase (PHOS, EC 2.4.1.1). Secondly, we 
utilized histochemical techniques to assess muscle fiber type 
specificity for GS, PHOS, ME, and MDH.
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MATERIALS AND METHODS
Normal C57B16J and C57B16J dy2J/dy2J mice were housed in the Life 
Sciences Vivarium at Louisiana State University. This colony was 
maintained at the university for approximately 11 years. The mice used 
in this study were between 3 and 6 months of age and represent mature, 
adult mice.
Gastrocnemius (hindlimb) and triceps (forelimb) muscles were 
typically removed from the animal following cervical dislocation, 
weighed and homogenized in an appropriate buffer dependent upon the 
particular enzyme to be assayed. Homogenization was carried out on ice 
using a ground glass tissue homogenizer and ice cold homogenization 
buffers. The gastrocnemius muscle of the dy2J mouse receives a 
pseudomyotonic, chronically and repetitively active, neural supply 
(Rasminsky 1978). This muscle eventually degenerates; however, at the 
ages used in this study, only the deep, primarily oxidative portion of 
the muscle undergoes significant degeneration (Butler and Cosmos 1977, 
Hargroder et al. 1986). Therefore, this muscle is used as a model for 
chronic muscular activity (Talmadge et al. 1989). The triceps muscles 
of the dy2J mice in our colony do not show any pseudomyotonia or any 
changes associated with the dy2J condition (Hargroder et al. 1986, 
Talmadge et al. 1989). Thus, the triceps muscle is an internal 
control. Although similar to the gastrocnemius by having a deep 
oxidative and superficial glycolytic region, the percentages of 
specific fiber types in the triceps muscle are different from the 
gastrocnemius. Thus, direct comparisons should be viewed with caution.
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For GS measurements, freshly dissected whole muscles were 
homogenized on ice in 9 volumes of a buffer consisting of 50 mM Tris- 
HC1, 5 mM EDTA, and 250 mM sucrose (pH 7.8). The homogenate was then 
centrifuged at 16,000g and the supernatant used for enzyme activity 
measurements. The filter paper assay of Thomas, Schlender and Larner 
(1968) was used to measure glycogen synthase activity. Briefly, 30 pi 
of the homogenate was added to 60 pi of the assay mixture which 
consisted of 50 mM Tris-HCl (pH 7.8), 5.0 mM EDTA, 6.7 mM UDP-1AC- 
glucose (0.05 pCi/pmole), and 10 mg/ml rabbit liver glycogen and 
incubated at 30°C for 10 min. The assay was run in the presence and 
absence of 6.7 mM glucose-6-phosphate. Seventy-five pi of the assay 
mixture was removed and spotted onto filter paper squares (Schleicher 
and Schuell grade 903). The filter paper squares were then washed 
twice in 66% ethanol (25 min and 10 min) and once in acetone (5 min). 
Finally, the filter papers were air dried and placed into liquid 
scintillation vials containing 10 ml of counting cocktail and 
counted by typical liquid scintillation procedures in a Beckman LS8000 
liquid scintillation counter (Talmadge et al. 1989).
For PEPCK analysis, the muscle tissue was homogenized in 9 
volumes of buffer consisting of 100 mM Tris-HCl, 1 mM EDTA, 5 mM MgCl2, 
and 20 mM 2-mercaptoethanol (pH 7.5). The homogenate was centrifuged 
at 600g for 10 min at 4°C and the supernatant used for PEPCK activity 
analysis. The procedure used was a modification of method A of Duff 
and Snell (1982). Briefly, 50 pi of sample was mixed with 450 pi dH20 
and 500 pi double strength buffer to yield a final concentration of 100 
mM Imidazole-HCl (pH 6.6), 3 mM phosphoenolpyruvate, 2 mM inosine
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diphosphate, 2 mM MnCl2, 2 mM dithiothreitol, 2.5 mM NADH, 50 mM 
NaH1AC03 (40 mCi/mol), 2.5 pg/ml antimycin A, and 12 units/ml MDH. The 
mixture was incubated at 25°C for 15 min and stopped by addition of 1 
ml of 2 M HCl. One half ml of the preparation was evaporated to dryness 
at 85°C to remove unincorporated 1AC. The dried precipitate was 
dissolved in 0.5 ml dH20 and this suspension was added to 10 ml 
scintillation cocktail and UC was counted as previously described.
Tissues to be analyzed for ME were homogenized in 9 volumes of 
homogenization buffer consisting of 50 mM Tris-HCl (pH 7.4). For MDH 
the tissues were homogenized in 9 volumes of 0.1 M NaPO^ buffer. 
Homogenates for analysis of both enzymes were centrifuged at 600g for 
15 min and the supernatants used for enzymatic analysis. Standard 
procedures for analysis of NADP and NAD dependent dehydrogenases were 
performed at 25°C (Hsu and Lardy 1969, Smith 1983). Fructose 1,6 
bisphosphatase was measured according to the procedure of Krebs and 
Woodford (1965) at 25°C on tissue supernatants homogenized in 9 volumes 
of 20 mM Tris-HCl (pH 7.4), and 1 mM EDTA and centrifuged at 2,500g for 
15 min.
For measurement of PHOS, the procedures of Schmidt and Wegener 
(1990) were followed at 25°C. The tissues were prepared according to 
Conlee et al. (1979) except that the Dowex treatment of the extracts 
was omitted. The protein content of the final homogenate was 
determined using the Biorad, Coomasie brilliant blue dye reagent assay 
(Bradford 1976).
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Histochemical Analysis
Gastrocnemius muscles were frozen in liquid nitrogen or Freon 
cooled by liquid nitrogen immediately following removal from the 
animal. Twelve pm thick sections were taken on a Cryocut cryostat, air 
dried for 30 min, and subsequently stained for myosin adenosine 
triphosphatase (ATPase) activity according to the method of Staron et 
al. (1983). In the mouse, muscle fibers typically classified as type I 
are slow-twitch, oxidative (SO); type Ila are fast-twitch, glycolytic 
(FG); and type lib are fast-twitch, oxidative, glycolytic (FOG). This 
is different from other mammals in which type Ila and lib fibers are 
reversed in oxidative capacity (Reichman and Pette 1982). Serial 12 pm 
thick (20 pm for glycogen synthase) sections were then stained for 
glycogen, by the PAS technique (Maier and Pette 1987), as well as MDH, 
ME, succinate dehydrogenase (SDH, Troyer 1980), GS (Takeuchi and 
Glenner 1961) and PHOS (Er&nko and Palkama 1961).
Tissue sections were viewed on a Zeiss light microscope with 
camera lucida attachment. Camera lucida drawings were made to match 
serial sections of single fibers stained by different histochemical 
techniques, which allowed for the assessment of multiple enzymatic 
activities in single muscle fibers. Alternatively, tissue sections 
were viewed on a Nikon Microphot FXA with camera attachment for light 
microphotography.
Fibers were subjectively assigned to one of four classes based on 
PAS staining intensity (high, medium, low, and depleted). Enzymatic 
activities (GS, ME, MDH, and PHOS) were similarly evaluated. For GS,
ME, and PHOS fibers were assigned to one of four classes: no measured
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activity (-), low activity (+), intermediate activity (++), and high 
activity (+++). For MDH and SDH fibers were assessed to be either high 
or low in enzymatic activity.
Statistical analysis was performed on treatment means using 
Student's t-tests to determine significant differences. Statistical 
significance was set at p < 0.05.
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RESULTS
Pseudomyotonic (dyZJ) gastrocnemius muscle shows greater than 
normal GS activity in whole skeletal muscle homogenates (figure 2).
This increase in GS activity is seen in both the glucose-6-phosphate 
stimulated and non-stimulated activities (Fig. 2A,B). Thus, the total 
GS activity (glucose-6-phosphate stimulated) is nearly 23% greater in 
the dy2J gastrocnemius as compared to the normal gastrocnemius (p < 
0.05). There is approximately 44% more I form (active form, non 
glucose-6-phosphate stimulated) GS activity in the dy2J gastrocnemius 
compared to control (p < 0.05). The increase in the I form of GS 
results from an increase in the percentage of GS in the active form 
from 39% in the control gastrocnemius to 45% in the dy2J gastrocnemius 
(Fig. 2C). The triceps muscles do not show any difference (normal vs. 
dystrophic) in either glucose-6-phosphate stimulated or non-stimulated 
activities, nor are these values different from those found in the 
normal gastrocnemius muscle.
Histochemistry demonstrates that the FG fibers (according to 
ATPase histochemistry and SDH activity, Fig. 3A,B) store low amounts of 
glycogen (Fig. 3C and 4A). The FG fibers also show a relatively 
uniform and low (+) staining for GS activity in the normal superficial 
gastrocnemius muscle (Fig. 3D, fiber 1, and Fig. 4B). Fig. 3E and 3F 
show homogeneous low staining for MDH activity and high ME activity.
Fig 4C demonstrates that 91% of all superficial gastrocnemius fibers 
from normal mice have high ME activity. Thus, 90% of all fibers in the 
normal superficial gastrocnemius are FG, low in glycogen, low in GS
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Figure 2. Glycogen synthase (GS) activity in normal and dystrophic 
mouse muscles performed on whole muscle homogenates. A) Total GS 
measured in the presence of 6.7 mM glucose - 6 - phosphate (G-6-P). B) 
A.ctive GS (1 form) activity measured in the absence of G-6-P. G) 
Percentage of glycogen synthase in the active (I) form. Assays are as 
described in Materials and Methods. I)y2J values which are significantly 
(p < 0.05) different from normal are represented by *. Reported values 
are means ,t standard error of the mean (SEM) , n 16 for each group.
73303^
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Figure 3. Serial sections of normal, superficial gastrocnemius muscle. 
Stained for A) pH 4.3 pre-incubation myosin ATPase, B) succinate 
dehydrogenase (SDH), C) glycogen (PAS), D) glycogen synthase (GS), E) 
malate dehydrogenase (MDH), and F) malic enzyme (ME). Fiber 1 
represents a typical fast-twitch glycolytic (FG) fiber found in this 
region. It is characterized by low SDH and MDH activities, low amounts 
of glycogen and GS activity and high ME activity. Fiber 2 represents a 
fast-twitch oxidative glycolytic (FOG) fiber which is found in the 
minority in this region. It shows high SDH activity, low glycogen, and 
slightly higher GS activity, while MDH and ME activities are similar to 
the surrounding fibers. The bar in A equals 35 pm. All other 
micrographs are at the same final magnification.
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Figure 4. Fiber type characteristics in the normal superficial 
gastrocnemius muscle. Percentages of the total number of fibers
analyzed for: A) Glycogen content, either high, medium, low, or
depleted; B) GS activity, either no (-), low (+), intermediate (++), or 
high (+++) activity; and C) malic enzyme (ME) activity, either no, low, 
intermediate, or high activity. All quantifications were based on 
staining intensity as described in materials and methods. The data are 
pooled from 3 normal animals and represent 800 total fibers. The same
800 fibers were used for all three analyses.
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activity and high in ME activity. Ten percent have variations in 
either oxidative capacity, glycogen, GS activity, ME activity or 
combinations of these.
The superficial region of the pseudomyotonic (dy2J) gastrocnemius 
muscle contains exclusively fast-twitch fibers according to ATPase 
histochemistry (Fig. 5A). Some of the fast-twitch fibers have low SDH 
capacity (Fig. 5B, fiber 1) and are FG fibers, while other fast-twitch 
fibers stain high for SDH activity (Fig. 5B, fibers 2 and 3) and are 
FOG fibers. In this muscle, the glycogen staining intensity appears to 
be related to the GS activity (Fig. 5C). The majority (80%) of fibers 
depleted of their glycogen show low levels or no GS activity based on 
the relative scale (Fig. 6). Those fibers containing low levels of 
glycogen show a wide range of GS activities. Approximately 55% of all 
low glycogen fibers have low or no GS activity. Medium and high level 
glycogen fibers typically have higher levels of GS activity. About 60% 
of the medium glycogen fibers show intermediate or high levels of 
activity. About 65% of the high glycogen fibers have intermediate or 
high levels of GS activity. Clearly, the high glycogen fibers have the 
greatest percentage (25%) , which were scored as having the highest 
level of GS activity.
The activity of phosphoenolpyruvate carboxykinase was higher in 
the pseudomyotonic gastrocnemius muscle as compared to the normal 
control (p < 0.05, Fig. 7A). The forelimb triceps of the dy2J mouse, a 
muscle which does not receive any pseudomyotonic input, shows similar 
levels of PEPCK activity as the normal mouse triceps and this activity 
is also similar to that found in normal gastrocnemius muscle.
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Figure 5. Serial sections of dy2J, superficial gastrocnemius muscle 
stained as in Fig. 3. Fiber 1 is a high glycogen fiber which shows
high GS activity. All other characteristics are similar to normal FG
fibers (ie low SDH and MDH, and high ME activities). Fiber 2 is an 
intermediate glycogen fiber which shows typical FOG characteristics (ie 
high SDH and MDH activities, intermediate GS activity and low ME 
activity). Fiber 3 is a low glycogen fiber which also shows FOG
characteristics. The bar in A equals 35 pm. All other micrographs are
at the same final magnification.
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Figure 6. Quantification of GS staining intensity in different fiber 
types (based on glycogen content) in dy2J muscle. GS activity is 
subjectively quantified based on staining intensity as described in 
Materials and Methods. The percentage of fibers of a given fiber type 
staining at the different intensities is plotted on the y-axis. The 
data are pooled from 3 dy2J animals and represent percentages of the 
total fiber number for a given fiber type. A total of 823 fibers were 
examined 133 high, 385 medium, 215 low glycogen, and 90 glycogen 
depleted fibers. A) Percentages of glycogen depleted fibers staining 
at identified intensities. B) Percentages of low glycogen containing 
fibers staining at identified intensities. C) Percentages of medium 
glycogen containing fibers staining at identified intensities. D) 
Percentages of high glycogen containing fibers staining at identified 
intensities.
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Figure 7. Activities of the putative pyruvate kinase bypass reaction 
enzymes in whole muscle homogenates. A) PEPCK, B) ME, C) MDH. Assays 
are as described in Materials and Methods. DyZJ values which are 
significantly (p < 0.05) different from normal are represented by *. 
Reported values are means ± standard error of the mean (SEM), n — 12 
for PEPCK (all groups), 10 for ME, and 8 for MDH.
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Both ME and MDH activities are significantly higher in 
homogenates of dy2J gastrocnemius than in normal gastrocnemius (p < 0.05 
for both enzymes), whereas the triceps muscles from normal and dy2J 
animals have similar activities for both enzymes (Fig. 7B,C). The high 
oxidative fibers in the superficial dy2J gastrocnemius (Fig. 5B) also 
stain intensely for MDH activity (Fig. 5E); thus, high oxidative fibers 
(based on SDH staining intensity) show high levels of MDH as well. ME 
appears to stain most intensely fibers that are low in oxidative 
capacity (Fig. 3F and 5F) . Thus, in the dy2J muscle, it is the high 
glycogen, high GS, FG fibers which stain most intensely for ME (Fig.
8). Approximately 93% of the glycogen depleted fibers in the dy2J 
superficial gastrocnemius muscle have low or no ME activity (Fig. 8A), 
and 76% of low glycogen fibers have low or no ME activity (Fig. 8B). 
Medium level glycogen containing fibers show 30% with intermediate to 
high ME activity (Fig. 8C), and 66% of high glycogen fibers are 
intermediate to high in ME activity.
Fructose 1,6 bisphosphatase has a different response to 
pseudomyotonia than the other enzymes presented. The pseudomyotonic 
gastrocnemius muscle has reduced FBPase activity as compared to normal 
(p < 0.05, Fig. 9). Similar to the other enzymes studied, there is no 
difference in enzymatic capacity between the two triceps muscles (Fig.
9).
The total activity of PHOS was significantly reduced in dy2J 
gastrocnemius muscles, as was the activity of PHOS present in the 
active form (Table 1). However, there was no measurable difference in 
the percentage of PHOS present in the active form. The percentage of
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Figure 8. Quantification of ME staining intensity in different fiber 
types (based on glycogen content) in dy2J muscle. ME activity is 
quantified based on relative staining intensity as described in 
Materials and Methods. The percentage of fibers of a given fiber type 
staining at the different intensities is plotted on the y-axis. The 
data are pooled from 3 dy2J animals and represent percentages of the 
total fiber number for a given fiber type. A total of 845 fibers were 
examined 195 high, 330 medium, 265 low glycogen, and 55 glycogen 
depleted fibers. A) Percentages of glycogen depleted fibers staining 
at identified intensities. B) Percentages of low glycogen containing 
fibers staining at identified intensities. C) Percentages of medium 
glycogen containing fibers staining at identified intensities. D) 
Percentages of high glycogen containing fibers staining at identified 
intensities.
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Figure 9. Activity of FBPase in whole muscle homogenates. Assays are 
as described in Materials and Methods. Dy2,1 values which are 
significantly (p < 0,05) different from normal are represented by *. 
Reported values are means ± standard error of the mean (SEM), n - 14 
normals and 17 dy2J muscles.
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TABLE 1. Phosphorylase activity in normal and pseudomyotonic muscles.
Muscle
Animal n
Phosphorylase Activity 
U/me protein Activity 
Without AMP 
% of totalNo AMP added AMP (3 mM)
Gas trocnemius
Normal 6 0.097 ± 0.015 0.309 ± 0.021 31.6 ± 4.8
dy2J 6 0.045 ± 0.004* 0.158 ± 0.018* 28.9 ± 1.4
Triceps
Normal 6 0.100 ± 0.016 0.291 ± 0.022 33.7 ± 3.8
dy2J 6 0.091 ± 0.006 0.318 ± 0.017 29.2 ± 3.1
Values are means ± SEM (Standard error of the mean), n is the
number of muscles used of each type. All animals were anesthetized 
with pentobarbital at the time of tissue collection by freeze clamping. 
It should be noted that pseudomyotonic activity persists in the dy2J 
gastrocnemius during anesthesia. Assays performed in the presence of 3 
mM AMP yield total activity. One unit (U) is defined as the amount of 
enzyme necessary to produce 1 pMol of hexose-phosphate per minute. * 
denotes statistically significant dy2J value from corresponding normal 
value at the p < 0.01 level by Student's T Test.
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PHOS in the active form was approximately 30% for both normal and dy2J 
gastrocnemius muscles. The triceps muscles showed no differences in 
total PHOS activity, PHOS activity in the active form, nor in the 
percentage of PHOS in the active form.
Histochemical staining for PHOS activity (Fig. 10) demonstrates 
that in normal superficial gastrocnemius muscle PHOS activity is high 
(Fig. 10B). Table 2 shows that nearly all fibers in this region have 
high or intermediate levels of PHOS activity, with 94% showing high 
activity.
The dy2J superficial gastrocnemius shows a much different staining 
pattern (Fig. 10D). Fibers showing higher levels of glycogen appear to 
have higher levels of PHOS activity. Nearly 90% of all high glycogen 
fibers have high to intermediate levels of PHOS activity (Table 2). 
Seventy percent of fibers containing medium levels of glycogen have 
intermediate PHOS activity. Low glycogen containing fibers and 
glycogen depleted fibers tend to have low levels of PHOS activity.
Over 63% of both low glycogen and glycogen depleted fibers have low or 
no PHOS activity.
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Figure 10. Serial sections of normal (A, and B) and dy2J (C, and D) 
superficial gastrocnemius muscle stained for glycogen (A, and C) and 
phosphorylase activity (B, and D). Three normal fibers are labeled 
with an 'n' to aid in fiber matching. Four dyZJ fibers are identified 
according to glycogen content. Fiber 1 containing high glycogen. 
Fiber 2 represents a medium glycogen fiber. Fiber 3 represents a low 
glycogen fiber and fiber 4 a glycogen depleted fiber. Note the 
corresponding decrease in PHOS activity with decreasing glycogen 
content.
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TABLE 2. Phosphorylase activity (relative staining intensity) in 
specific muscle fiber types* from dy2J and normal mice.
Percentage Distribution**
PhosDhorvlase
Relative dv2J Glvcogen Content Normal
Intensitv High Medium Low Depleted
- 1.6 3.0 14.4 31.5 0.0
+ 9.1 17.7 48.9 45.0 0.2
++ 42.4 70.6 35.7 21.6 5.8
+++ 46.9 8.7 1.0 1.8 94.0
* Fiber types were based on glycogen content (PAS staining intensity).
** Numbers represent the percentage of fibers within a fiber type class
displaying a relative measure of phosphorylase staining intensity.
The data are pooled from 3 dy2J and 3 normal animals. A total of 
1095 dy2J fibers were examined, 243 high, 436 medium, 305 low glycogen 
fibers, and 111 glycogen depleted fibers. A total of 1041 normal 
fibers were examined and treated as a single group due to the 
homogeneous staining for glycogen content.
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DISCUSSION
We have demonstrated that GS activity as well activities of some 
key glyconeogenic enzymes, PEPCK and ME, are elevated in a chronically 
active muscle that stores increased amounts of glycogen. The fiber 
type distribution of GS and ME in the chronically active muscle 
demonstrates that the high glycogen fibers have adapted to increase 
glycogen synthesis and to increase the usage of glyconeogenesis as a 
means for supporting the increased glycogen stored in this muscle.
The total activity of GS is increased by approximately 23% in the 
chronically active dy2J gastrocnemius over what is observed in the 
normal gastrocnemius. There is also a 44% increase in the I form 
(active form) of GS. Thus, not only is there an increase in the total 
amount of GS present, represented by the increase in total activity, 
but there is also a greater percentage of the increased enzyme pool in 
the active form. The increased GS activity helps to explain the 
increased levels of glycogen found in this muscle (Talmadge et al. 
1989). However, others have found that increased levels of endogenous 
glycogen correspond with decreased levels of GS activity (Conlee 1978, 
Henriksen et al. 1989) and decreased rates of glycogen synthesis from 
glucose as the substrate (Hutber and Bonen 1989). In the dy2J muscle,
GS activity remains high despite the increased glycogen content. The 
maintenance of high GS activity allows muscle glycogen to reach levels 
well above normal.
We demonstrate that it is primarily the fibers with high and 
intermediate levels of glycogen that show high levels of GS activity.
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Normal muscle typically contains fibers that are low in glycogen and a 
minority (less than 3%) of fibers that are intermediate in glycogen 
content. The sub-population of fibers (high and intermediate glycogen 
containing fibers) that is primarily responsible for the increased 
glycogen content in the dy2J muscle shows high GS activity. This is in 
contrast to the inverse relationship typically observed between 
glycogen content and GS activity (Conlee et al. 1978, Henriksen et al. 
1989). Perhaps at some point during chronic muscular activity this 
inverse relationship is negated allowing the muscle fiber to increase 
its glycogen supply to greater than normal levels. The increased 
glycogen may provide this fiber with some additional resistance to 
fatigue (Hudlicka et al. 1977, Talmadge et al. 1989)
We observed that all three bypass enzymes necessary for the 
formation of PEP from pyruvate in the pathway of glycogen synthesis 
from lactate were elevated in the dy2J gastrocnemius. Our data provide 
evidence that the enzymatic pathway by which pyruvate is converted to 
PEP is through the three step process involving ME, MDH, and PEPCK as 
opposed to being a reversal of the pyruvate kinase step. The elevation 
of MDH activity in this muscle probably plays little role in the 
adaptation for pyruvate conversion to PEP, since this is an oxidative 
enzyme. The MDH increase is more likely due to the overall increase in 
oxidative capacity observed in virtually all cases of chronic muscular 
activity. This suggestion is supported by the histochemical data 
showing that the fibers having high levels of oxidative capacity in the 
dy2J gastrocnemius typically do not show high levels of glycogen. The 
elevation in ME and PEPCK probably plays a more direct role in the
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adaptations of this pathway to supply increased PEP for 
glyconeogenesis, since malic enzyme histochemical preparations 
demonstrate a preferential staining of FG fibers in normal and dy2J 
muscle for ME activity. The FG fibers in the dy2J muscle show a higher 
glycogen content, increased GS activity, high ME activity and enhanced 
glyconeogenesis. Pagliasotti and Donovan (1990) found that 
glyconeogenesis occurs at higher rates in muscles composed primarily 
(>99%) of FG fibers in the rabbit. We also found that glyconeogenesis 
occurs at higher rates in muscle fibers that are low in oxidative 
capacity (FG fibers) within a muscle of mixed fiber type in the mouse 
(Talmadge et al. 1989). Since the high glycogen FG fibers show a high 
level of ME activity, and ME is a PK bypass enzyme, the PK bypass 
enzymes appear to be important in glyconeogenesis. In rat glycolytic 
muscle, ME and PEPCK are found predominantly in the cytosolic 
compartment with a small percentage in the mitochondria (Nolte et al. 
(1972). A more oxidative muscle had low cytosolic and high 
mitochondrial levels despite similar total activity levels. The high 
cytosolic ME and PEPCK in FG muscle may explain the higher capacity of 
FG fibers for glyconeogenesis and is in agreement with the 
extramitochondrial, pyruvate kinase bypass pathway proposed by Connett 
(1979) .
PEPCK is thought to be one of the rate limiting enzymes in 
glyconeogenesis; thus, an increase in the levels of PEPCK would signify 
an increase in the usage of this pathway. Other laboratories (Connett 
1979, Pagliasotti and Donovan 1990, Shiota et al. 1984) utilized 
mercaptopicolinic acid (MPA), an inhibitor of PEPCK, in an effort to
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elucidate the pathway by which pyruvate is converted into PEP. 
Mercaptopicolinic acid significantly reduced the synthesis of glycogen 
from lactate in amphibian muscle, demonstrating the involvement of 
PEPCK (Connett 1979). However, MPA showed no effect on glyconeogenesis 
in mammalian muscle, suggesting that PEPCK is not involved in 
glyconeogenesis in skeletal muscle (Pagliasotti and Donovan 1990,
Shiota et al. 1984). In the present experiment, we observed an 
increase in PEPCK activity in a muscle which contains fibers that show 
enhanced glyconeogenesis, which is circumstantial evidence that PEPCK 
is involved in mammalian skeletal muscle glyconeogenesis. Another 
possibility is that in normal mammalian muscle PK reversal is adequate 
for glyconeogenesis, but in the chronically active muscle glyconeogenic 
rates may be increased in some fibers, such that PK reversal would 
become limiting. An adaptive increase in the activities of the bypass 
enzymes may then become necessary to support the increased 
glyconeogenic rates.
Our study supports the hypothesis that the increased glycogen 
observed in the dy2J gastrocnemius is synthesized, at least in part, 
from locally produced lactate. If six carbon intermediates were acting 
as the initial substrate, there would be no need for increased levels 
of the bypass enzymes. Other three carbon substrates, such as alanine, 
could enter the pathway at the same point as lactate. But, if glucose 
were the primary source, it would enter the pathway at glucose-6- 
phosphate and not be used by the bypass reactions. It is curious that 
the measured activity of fructose 1,6 bisphosphatase is lower in the 
dy2J gastrocnemius compared to the normal gastrocnemius. Clearly, there
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was an increase in the activities of the other gluconeogenic enzymes. 
One possible explanation for the observed decrease is the fiber type 
transformation occurring in the gastrocnemius as it becomes more
oxidative (Hargroder et al. 1986). Fewer fibers would have high levels
of this enzyme as it has been shown that more oxidative muscles have 
lower fructose 1,6 bisphosphatase activity than glycolytic muscles 
(Opie and Newsholme 1967). Therefore, whole muscle would show lower 
levels of fructose 1,6 bisphosphatase activity despite the presence of 
the few high glycogen fibers.
Glycogen phosphorylase, the enzyme responsible for glycogen 
breakdown, is reduced in total activity in the dy2J gastrocnemius. A 
reduction in PHOS activity is expected due to the fiber type 
transitions occurring in this muscle resulting from the chronic 
activity. Typically, FG fibers have high PHOS activity and FOG fibers 
have low PHOS activity. As the oxidative capacity of the dy2J 
gastrocnemius muscle increases (Hargroder et al. 1986), FOG fibers
become more numerous. Thus, the number of fibers with high PHOS
activity decreases as does the overall PHOS activity. The fiber type 
distribution of PHOS supports this idea. Muscle fibers from the normal 
superficial gastrocnemius muscle have high levels of PHOS activity. In 
the dy2J muscle, the high glycogen fibers which maintain a low oxidative 
profile have high PHOS activity, whereas the low glycogen, typically 
high oxidative fibers, have reduced levels of PHOS activity. The 
methods used in this study were unable to show any differences in the 
percentage of PHOS in the active form.
Whole muscle biochemical analysis combined with histochemical
methods were able to demonstrate fiber type specific differences in ME, 
MDH, PHOS, and GS enzyme activities in response to chronic activity. 
Those fibers responsible for the increased glycogen content in the 
pseudomyotonic muscle were shown to have high activities of GS, PHOS 
and ME and to maintain a low oxidative profile. We hypothesize that 
the high glycogen fibers are a population of less active fibers within 
an actively contracting muscle (Talmadge et al. 1989). These fibers 
take advantage of lactate produced locally by the active fibers in the 
muscle and utilize it as a substrate for glycogen synthesis. The net 
result is an increased glycogen content within the whole muscle. 
Finally, the observation that the dy2J triceps appeared normal in all 
aspects provides evidence that the observed changes are due to the 
chronic muscular activity imposed upon dyZJ GAST and are not due to any 
inherent genotypic defect in the muscle of these animals.
CHAPTER IV: VARIATION IN GLYCOGEN ALONG THE LENGTH OF SINGLE 
MUSCLE FIBERS IN NORMAL AND CHRONICALLY ACTIVE 
SKELETAL MUSCLE
55
56
INTRODUCTION
Muscle fiber typing is often accomplished by examining serial 
cross-sections histochemically reacted for a number of substances or 
enzyme activities. Such fiber typing has been used to describe dynamic 
changes occurring in muscle fibers following experimental procedures 
such as denervation, immobilization, and artificial stimulation. Of 
course, discrete type grouping, while useful, does tend to obscure the 
continuous nature of most of the variables to be classified. Further, 
interpretation of fiber typing results is based on the assumption that 
a fiber is uniform in all characteristics along its entire length. 
However, during fast to slow fiber type transformation, induced by 
chronic stimulation, some fibers show characteristic staining as type 
II fibers in some regions and type I in other regions (Staron and Pette 
1987). Thus, muscle fibers may not be homogeneous along their entire 
length under all circumstances, particularly during events which appear 
to cause dynamic alterations in state such as chronic contractile 
activity and chronic stimulation.
Similarly, the levels of muscle fiber metabolites and storage 
products, such as glycogen and/or lipid stores, have the potential to 
vary along the length of the fiber (Hintz et al. 1982). Thus, the 
validity of using a single cross-section to identify the "type 
characteristics" for a fiber must be carefully evaluated, particularly 
when the muscle fiber has undergone experimental treatments leading to 
dynamic changes in fiber characteristics.
The hindlimb muscles of the C57B16J dy2J/dy2J (dyZJ) mouse suffer
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from a chronic stimulation via spontaneous firing of hindlimb motor 
neurons (pseudomyotonia). The pseudomyotonia originates due to 
ephaptic transmission at the spinal roots which are associated with 
abnormal myelination (Rasminsky 1978). This abnormal activity results 
in the expected increase in oxidative activity in most of the fast- 
twitch fibers in the gastrocnemius muscle (Silverman and Atwood 1980, 
Hargroder et al. 1986) Other fast-twitch fibers in this muscle have 
been shown to contain elevated levels of glycogen (Younger and 
Silverman 1984, Talmadge et al. 1989), similar to what is seen under 
artificial chronic stimulation (Hudlicka et al. 1977, Maier and Pette 
1987). Autoradiography and enzyme histochemistry show that these high 
glycogen fibers appear to have an increased capacity for 
glyconeogenesis (Talmadge et al. 1989, Talmadge and Silverman 1991).
The gastrocnemius muscle of the dy2J, therefore becomes an interesting 
model of chronic muscular activity which can be studied with reference 
to muscle fiber adaptation. In particular, the enzymatic adaptations 
responsible for observed increases in glycogen levels by some muscle 
fibers can be analyzed.
These studies as well as future studies require fiber-typing 
based on muscle fiber cross-sections. The current study documents the 
variability of glycogen content across the length of both normal and 
chronically active fast-twitch muscle fibers. In general, fibers from 
chronically active muscle show more variability in glycogen content 
along their length than fibers from control muscle, but the level of 
variability does not cause fibers to be misclassified with reference to 
glycogen content analyzed using single cross-section analysis.
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MATERIALS AND METHODS
Normal C57B16J and C57B16J dy2J/dy2J (dy2J) mice were housed in the 
Life Sciences Vivarium at Louisiana State University. This breeding 
colony has been maintained for approximately 11 years. All mice used 
in the following experiments were between 3 and 6 months of age. These 
represent mature adult mice.
Gastrocnemius muscles were removed from normal and dy2J mice 
following cervical dislocation. The muscles were mounted at rest 
length on cryostat chucks in either tragacanth gum or Tissue Tek O.C.T. 
mounting medium, frozen in liquid nitrogen or Freon cooled by liquid 
nitrogen and placed in an American Optical Cryo-Cut cryostat cooled 
to -20° C. The time from cervical dislocation to tissue freezing was 
less than 1 minute. Serial 22 pm thick cross sections were taken at 
spaced intervals along the muscles' length (up to 3mm), mounted on 
glass slides, air dried for 30 min and stained for glycogen by the 
periodic acid Schiff (PAS) technique (Maier and Pette 1987). Briefly, 
sections were fixed for 1 hour in a mixture of 25% glacial acetic acid, 
75% absolute ethanol, washed briefly in 70% ethanol. The sections were 
treated for 1 hour in 1% periodic acid in 90% ethanol, 5 min. in 90% 
ethanol, 1 min in distilled water, 30 min in Schiff's reagent (Luna 
1968), two 3 min. washes in 0.5% sodium metabisulfite, and a final 5 
min wash in distilled water. The sections were then dehydrated in a 
graded alcohol series, cleared in xylene and coverslips mounted with 
Poly-mount (Polysciences Inc. Warrington PA). Occasionally, serial 
sections were stained for myosin ATPase according to the acid
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preincubation protocol of Staron et al. (1983).
Individual muscle fibers were first subjectively classified to be 
either high (dark staining), intermediate (intermediate staining) or 
low (light staining) in glycogen based on staining intensity of the PAS 
reaction. The glycogen content (PAS staining intensity) of classified 
single muscle fibers was then objectively quantified. Sections were 
viewed on a Nikon Optiphot microscope equipped with a Nikon halogen 
bulb (5.5 volts), NCB-10 filter, N-plan achromatic 60x objective lens, 
and a Nikon spot-meter photometer. The meter was set to ASA 25 and a 
background light intensity reading of 16.22 seconds exposure time. The 
staining intensity of single fibers was measured by placing the spot- 
photometer over the center of a given fiber and using the resulting 
exposure time as a determinant of staining intensity. Staining 
intensities ranged from 17 to 95 seconds exposure time. Some sections 
were also viewed using a Nikon Microphot-FXA microscope equipped with a 
lux meter to assess light transmittance and to verify the previous 
method. Exposure time measurements and lux measurements were shown to 
have a second order polynomial relationship and a coefficient of 
correlation of 0.965 (Fig. 1). Thus, the exposure time readings are a 
reliable determinant of staining density.
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Figure 1. Relationship between camera exposure time readings and 
illuminance (lux) readings using spot photometry of the same individual 
fibers from normal and dy2J gastrocnemius muscle. The curve is 
significant at p < 0.01.
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RESULTS
All fibers classified for glycogen content were fast-twitch 
according to ATPase histochemistry. Figure 2 shows a set of serial 
sections through the superficial region of normal gastrocnemius muscle 
spanning 858 pm. By visual observation there is no difference in the 
staining intensity along the examined lengths of single identified 
muscle fibers in the normal muscle. Also, the variation between 
separate individual fibers is quite low. In contrast, Figure 3 shows 
serial sections from the superficial region of dy2J gastrocnemius 
muscle, in this case spanning 1,430 pm. Clearly, there is much greater 
variation in the PAS staining intensities between individual fibers in 
this muscle. Subjective staining intensities (dark, intermediate, and 
light) can be assigned to the individual fibers of this muscle. The 
staining intensities along the lengths of individual fibers, however, 
appear to be rather invariable based on visual assessment of this 
muscle.
Quantified staining intensities are given in Table 1. In this 
case, 20 fibers of each subjectively assigned fiber type were evaluated 
according to the exposure time method. The visual assignments are 
supported by the quantitative data. First, the normal fibers show an 
extremely low variability either within single fibers (mean of SEM of 
single fibers) or between individual fibers (SEM of fiber means). 
Second, fibers from dy2J muscle show a much greater between fiber 
variation as seen by the difference in exposure time means between 
light, intermediate, and dark staining fibers. The high
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Figure 2. Serial sections from normal gastrocnemius muscle stained for 
glycogen using the PAS technique. Section B is taken 396 pm and 
section C is 858 pm distal to section A. Note the lack of apparent 
variation in PAS staining intensity (glycogen content) along the length 
of the individual fibers. All fibers stain relatively light with very 
little variation between separate individual fibers. Fibers a, b, c, 
and d can be used for orientation. The bar = 50 pm for all sections.
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Figure 3. Serial sections from dy2J gastrocnemius muscle stained for 
glycogen using the PAS technique. Section B is taken 330 pm, section C 
is 1,122 urn, and section D is 1,430 pm distal to section A. Section A 
was used to initially classify the fibers based on the subjective 
visual analysis of the fibers. Fibers a, b, and c are high glycogen 
(dark) fibers. Fibers d, and e are intermediate in glycogen, and fibers 
f, and g are low (light) in glycogen. Note how dark fibers a, b, and c 
change in staining intensity along their length compared to each other. 
In section A fiber b stains more intense than a or c. In section B 
fibers a, b, and c are all similar in staining intensity. In section C 
fiber b is only slightly more intense than a or c. In section D fiber 
a is more intense than b or c. Despite the changes in intensity of the 
three fibers, they remain dark fibers throughout the length examined. 
Also note the change in position of the intermediate fiber marked with 
the asterisk in relation to the three dark fibers, as well as the 
change in diameter of fiber f. The bar = 50 pm for all sections.
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TABLE 1.
Individual Fiber Statistics
Normal Light Intermediate Dark
Exposure Time Means 19.551 23.308 28.795 36.811
S. E. of Fiber Means 0.068 0.216 0.492 0.870
Tukey's Grouping A A B C
Mean of Fiber S. E. 0.260 0.596 1.207 2.507
Number of Fibers 20 20 20 20
Number of Muscles 3 3 3 3
Exposure time means for the four classes of fibers, 1 normal 
class and 3 dy2J classes (Light, Intermediate and Dark). The exposure 
time is in seconds and is a quantitative measure of staining intensity. 
S.E. is the standard error. Tukey's grouping followed an analysis of 
variance.
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between fiber variation is supported by the fact that light, 
intermediate, and dark staining fibers are statistically different from 
one another based on Tukey's groupings. Third, the within fiber 
variation is low enough in the three fiber types of the dy2J muscle such 
that statistically significant groups can indeed be identified.
The PAS staining intensity along the lengths of four typical 
fibers of the three classes in the dy2J and the single class in the 
normal superficial gastrocnemius muscle is shown in figure 4. Dark 
staining fibers from the dy2J muscle have the highest exposure times and 
fibers from normal muscle the lowest. The variation in PAS staining 
intensity along the length of a single dark fiber is higher than for 
any of the other groups, as indicated by the standard errors (Table 1).
The higher the amount of glycogen staining in a single fiber the
greater is the variation in glycogen along the length of that fiber.
Figure 5 shows one fiber from each class on the same y-axis scale
and demonstrates that some fibers (see dark fiber) have relatively long 
segments in which the glycogen staining intensity is different from the 
remainder of the fiber. Although there is some overlap between dy2J 
dark and intermediate, and intermediate and light fibers, the overlap 
is not enough to lead to misidentification of fibers in most sections.
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Figure 4. PAS staining intensity (exposure time reading in seconds) 
along the lengths of four representative fibers from each class. One 
fiber is represented per line. A) Dark staining fibers from dy2J 
gastrocnemius muscle, B) Intermediate fibers from dy2J gastrocnemius 
muscle, C) Light fibers from dy2J gastrocnemius muscle, and D) Fibers 
from normal muscle. Note the change in y-axis between B and C.
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Figure 5. PAS staining intensity (exposure time readings in seconds) 
along the length of a single representative fiber from each of the four 
classes of fibers presented on the same graph. One fiber is 
represented per line. The 0 represents a dark staining fiber from dy2J 
gastrocnemius muscle, the □ an intermediate fiber from dy2J 
gastrocnemius muscle, the o a light fiber from dy2J gastrocnemius 
muscle, and the a  a fiber from normal gastrocnemius muscle.
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DISCUSSION
Myosin ATPase and SDH staining have long been used as a means for 
classifying muscle fiber types. Typically, fast-twitch glycolytic 
fibers have a relatively homogeneous PAS-staining intensity. However, 
in some muscles following chronic contractile activity, there exist 
distinct fiber types based on PAS staining intensity (glycogen 
content). The fiber types can be classified as high, intermediate and 
low glycogen containing fibers.
The presence of high glycogen fibers in the pseudomyotonic 
muscles of the C57B16J dy2J/dy2J was initially reported by Younger and 
Silverman (1984). The metabolic processes by which high glycogen 
fibers accumulate high levels of glycogen in the pseudomyotonic muscle 
of the dy2J mouse have been studied (Talmadge et al. 1989, Talmadge and 
Silverman 1991). These fibers have an elevated capacity for glycogen 
synthesis from lactate as determined both histochemically and 
biochemically. However, it has not been shown that these fibers 
contain high glycogen along their entire length. In order for serial 
section histochemistry to be a valid tool for describing the enzymatic 
potentials of these fibers, the glycogen content of these fibers must 
be relatively uniform along the entire length of the fiber and not just 
in the form of local deposits of glycogen. This study clearly shows 
that the glycogen content of the fibers in both the dy2J and normal 
gastrocnemius muscle are relatively uniform along their length.
Despite an increase in variability with increased glycogen content, any
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fiber initially placed in a specific glycogen staining class based on a 
single section was never variable enough to be misclassified.
Our finding that there is some variation in the glycogen content 
along the length of normal and dy2J fast-twitch glycolytic muscle fibers 
(type Ila in mouse and type lib in other mammals, Reichman and Pette,
1982) is similar to the findings of Hintz et al. (1982), who 
demonstrated that in rat muscles there is some local variation in 
muscle fiber glycogen. However, the variation noted by Hintz et al. 
(1982) in resting normal FG fibers in rats is greater than the 
variability noted here in mouse muscles (standard error of the mean of 
approx 3-4% of fiber means by Hintz vs. 1% in our study). Some 
important differences must be noted between the two studies. Hintz et 
al. (1982) utilized approx. 50 pm lengths of freeze dried muscle fibers 
for each assay compared to 22 pm thick frozen sections in this study. 
Hintz et al. (1982) made use of microbiochemical procedures compared 
with histochemical procedures used in this study. Hintz et al. (1982) 
also noted that there are considerable swings in glycogen content along 
relatively long segments (millimeters) of fibers. Our results, 
especially those of the dy2J PAS intense staining fibers, appear to 
confirm that there are swings in glycogen content along relatively long 
segments of muscle fibers, but the variability is not enough to lead to 
misclassification of fibers in the dy2J muscles.
A somewhat surprising finding was the fact that the lowest 
glycogen staining fibers in the dy2J muscle were similar in PAS staining 
intensity to the fibers from the normal muscle. It was initially
72
thought that the lightest staining dy2J fibers were depleted of 
glycogen, due to the relative lack of staining based on visual 
analysis, and therefore, lower in glycogen content than fibers from 
normal muscle. The surrounding PAS-intense staining fibers enhance the 
apparent lightness of the PAS-light fibers making them appear less 
intensely stained. The present results demonstrate that the lightest 
staining (PAS) fast-twitch fibers in the dy2J gastrocnemius muscle are 
not glycogen depleted and indeed contain similar amounts of glycogen on 
average as normal fast-twitch glycolytic fibers.
The presence of high glycogen fibers in chronically active fast- 
twitch muscles was first noticed by Hudlicka et al. (1977), when they 
subjected rabbit fast-twitch muscle to chronic indirect stimulation.
At the time, it was speculated that the presence of high glycogen in 
some fibers might provide these fibers with some additional resistance 
to fatigue (Hudlicka et al. 1977). This hypothesis is reasonable, as 
it has been shown that muscular endurance is related to the sustained 
glycogen content of the muscle (Terjung et al. 1985). A more recent 
study designed to study the time necessary for depletion of muscle 
fiber glycogen also demonstrated the presence of high glycogen fibers 
in fast-twitch muscles subjected to chronic, indirect muscle 
stimulation (Maier and Pette (1987).
It appears that the presence of high glycogen fibers in the dy2J 
gastrocnemius is a consequence of the chronic activity imposed upon the 
muscle by the pseudomyotonia. It was found that removal of the chronic 
pseudomyotonia by either treatment with the anti-epileptic drug
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phenytoin (Younger and Silverman 1984) or cutting the sciatic nerve 
innervating the pseudomyotonic gastrocnemius muscle (Silverman et al.
1983) caused a reversion to a more normal PAS staining pattern of the 
fast-twitch muscle fibers in the gastrocnemius muscle of dy2J mice.
This implies that the increased neuromuscular activity caused the 
production of high glycogen fibers.
The increase in glycogen content of a fast-twitch muscle fiber 
could be an initial step in the adaptation of muscle to chronic 
contractile activity. Alternatively, the presence of such fibers may 
be related to the characteristics of stimulus application. In all of 
the artificial stimulation experiments that produced fibers with 
abnormally high glycogen levels, the chronic stimulation was 
interspersed with hourly rest periods. A study performed by Henriksson 
et al. (1988) in which the muscle was not given any rest periods during 
the chronic motor nerve stimulation revealed no fibers storing 
abnormally high levels of glycogen. Thus, the superimposed rest 
periods appear to play a role in the supercompensation of glycogen by 
some fibers in a chronically active muscle. The dy2J gastrocnemius 
muscle endures bouts of contraction and relaxation continuously 
throughout the life of the animal. Thus, the adaptations necessary to 
maintain the continued contractile activity have occurred and may have 
included an increase in glycogen content by fast-twitch fibers.
In this study, we demonstrate that the variation in glycogen 
content along the lengths of single muscle fibers in normal and 
chronically active muscles is low enough to allow for classification of
a muscle fiber (based on glycogen content) using a single section. The 
finding is important to single fiber studies, where one section of 
muscle fiber is identified by glycogen content and another section of 
the same fiber analyzed for enzymatic activities.
CHAPTER V: GLUCOSE UPTAKE AND GLYCOGEN SYNTHESIS IN NORMAL
AND CHRONICALLY ACTIVE SKELETAL MUSCLE
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INTRODUCTION
The C57B16J dy2J/dy2J mouse (dy2J) suffers from pseudomyotonia, an 
abnormal chronic and repetitive stimulation of the hindlimb musculature 
(Rasminsky 1978), associated with a lack of myelination at the spinal 
roots innervating these muscles (Jaros and Jenkison 1983). The 
hindlimb muscles of the dy2J mouse can be used as a model for chronic 
contractile activity (Talmadge et al. 1989, Talmadge and Silverman 
1991).
We previously documented that the superficial region of the 
gastrocnemius muscle (GAST) from the dy2J mouse: a) has an oxidative 
capacity greater than normal controls (Hargroder et al. 1986), b) 
contains higher amounts of glycogen (Talmadge et al. 1989, Younger and 
Silverman 1984), c) shows increased activities o f  some key 
glyconeogenic and glycogen synthetic enzymes (Talmadge and Silverman 
1991), and d) has a population of fast-twitch glycolytic muscle fibers 
with an increased capacity to synthesize glycogen from lactate and 
store high amounts of glycogen (Talmadge et al. 1989). This muscle 
region does not show degenerative changes at the ages used in this 
study.
It was shown that exercise and contractile activity of a skeletal 
muscle can lead to metabolic changes, including increased glucose 
uptake (James et al. 1985, Wallberg-Henriksson 1987, Wallberg- 
Henriksson 1988), an increased sensitivity to insulin (Cartee et al. 
1989, Cartee and Holloszy 1990), recruitment of the cytochalasin B 
inhibitable and insulin responsive glucose transporter (GLUT-4) into
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the sarcolenuna (Douen et al. 1990, Hirshman et al. 1988) and an 
increase in glycogen synthesis from glucose (glycogenesis) (Hutber and 
Bonen 1989). These changes have been demonstrated in muscles which 
have been either exercised or stimulated to contract in vitro for 
relatively short time periods. However, effects of long term 
contractile activity on these metabolic pathways have not been 
evaluated.
In this study, we have evaluated the glycogenesis rates in normal 
and dy2J hindlimb (GAST) and unaffected forelimb muscles (triceps, TRI), 
as well as the diaphragm muscle (DIA), which is chronically active 
under normal circumstances. We also evaluated the glucose uptake 
capacity of these muscles using 2 different glucose analogs (2- 
deoxyglucose, 2-DG and 3-0-methylglucose, 3-0-MG). All of these 
variables were determined in vivo and some by in vitro incubation 
experiments, including the capacity for insulin to stimulate glucose 
analog uptake and glycogen synthesis from glucose. The in vitro 
experiments were performed in order to determine if the muscle tissue 
was directly affected by the chronic activity as opposed to a humoral 
effect.
In order to perform the in vitro experiments, a relatively thin 
muscle with long tendons at each end was needed to compensate for 
diffusion limitations and to obtain muscle fibers which are not 
compromised by dissection. Therefore, in vitro experiments were 
performed using the soleus (SOL) and the extensor digitorum longus 
(EDL) muscles. The normal SOL contains a mixture of fast oxidative and 
slow fibers, with the dy2J SOL having a similar profile yet showing some
degeneration at the ages studied. The normal EDL contains primarily 
fast-twitch fibers with a mixed oxidative profile in the normal animal. 
The dy2J EDL shows an increase in oxidative capacity and some high 
glycogen fibers, yet shows few degenerative changes at the ages used. 
Briefly, the chronically active muscles have an increased capacity for 
glucose uptake and glycogen synthesis as well as an enhanced response 
to insulin in comparison to non-chronically active muscles.
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MATERIALS AND METHODS
Animal Care. Normal C57B1/6J and C57B1/6J d y 2J/ d y 2J (dy2J) mice 
are housed in the Life Sciences Animal Care Facility at Louisiana State 
University. This breeding colony has been maintained for approximately 
11 years. All mice were between 3 and 6 months of age and represent 
mature adult mice.
In vivo Experiments. Blood glucose was determined on plasma 
samples taken from anesthetized normal and dy2J mice using the 
hexokinase, glucose-6-phosphate dehydrogenase reaction according to 
Sigma Kit #16-10.
To assess the rates of glucose uptake in vivo. 2-deoxyglucose (2- 
DG) and 3-0-methylglucose (3-0-MG) were used as glucose analogs.
Normal and dy2J mice were given an intraperitoneal (IP) injection of 3H- 
2-deoxyglucose (0.16 pCi/g animal wt.) in 0.5 ml of 0.9% NaCl.
Unlabeled 2-DG was not added to the injection so as not to decrease the 
specific activity of the label. Following a 30 minute incubation 
period, the animal was sacrificed by cervical dislocation, and muscle 
tissues (GAST, TRI, and DIA) were removed for analysis of 3H content. 
The isolated tissues were solubilized in 0.5 ml of 0.5 N NaOH. A 0.25 
ml aliquot was assayed for 3H by liquid scintillation procedures using 
a Beckman LS8000 liquid scintillation counter.
In vivo experiments using 3-0-MG as a glucose analog were similar 
to above except that 0.16 pCi of 3H-3-0-MG and 0.016 pCi of 14C-methoxy- 
inulin were injected IP in 0.5 ml of 0.9% NaCl per g animal wt. In 
this case, 1AC-methoxy-inulin served as an extracellular fluid marker,
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and corrections for 3H-3-0-MG in the extracellular space were made. 
Tissues were not washed following removal from the animal to avoid loss 
of intracellular 3H-3-0-MG (since 3-0-MG is not phosphorylated as is 2- 
DG, it can diffuse out of the cell). Instead, tissues were immediately 
frozen in liquid nitrogen and then solubilized as for 2-DG. 
Radioactivity was counted using dual channel liquid scintillation
procedures to determine both 3H and 1AC total activities.
In vivo glycogenesis was determined by injecting normal and dy2J
mice IP with 0.1 pCi U C-glucose per g animal body weight in 0.5 ml 0.9%
NaCl. Following a 30 minute incubation period, the animal was 
sacrificed by cervical dislocation and the tissues removed for glycogen 
isolation and analysis.
Tissue glycogen was isolated according to Hutber and Bonen 
(1989). Briefly, skeletal muscles (GAST, TRI, and DIA) were digested 
in screw cap tubes containing 0.5 ml of 30% KOH saturated with sodium 
sulfate. The tubes were placed for 20 minutes in a boiling water bath. 
Glycogen was precipitated by adding 0.6 ml of ice-cold 95% ethanol and 
the tubes placed on ice for 20 minutes. The tubes were centrifuged at 
2,000g for 10 minutes and the supernatant was discarded. The glycogen 
pellet was washed 3 times by repeated resuspension in 66% ethanol and 
centrifugation. Finally, the glycogen pellet was air dried, by 
draining tubes over filter paper, and resuspended in 1.0 ml of 
distilled H20. A 0.2 ml aliquot of the isolated glycogen was assayed 
for 1/;C by liquid scintillation (Talmadge et al. 1989). A second 
aliquot (0.1 ml) was used for assaying total glycogen according to a 
phenol-sulfuric acid procedure of Lo et al. (1970).
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Autoradiography, following in vivo administration of ^C-glucose, 
was performed according to Talmadge et al. (1989). Following the 
injection of the label and the 30 min incubation period, GAST were 
removed, mounted on cryostat chucks with O.C.T. (Tissue Tek) and frozen 
in liquid nitrogen. Serial tissue sections, 20 pm thick, were taken 
on an American Optical Cryo-Cut cryostat and stained for glycogen, 
using a variation of the periodic acid Schiff (PAS) technique 
(Talmadge et al. 1991), succinic dehydrogenase (Troyer et al. 1980), 
and myosin ATPase (Staron et al. 1983). Fiber types were then 
classified according to glycogen content in the dy2J gastrocnemius 
muscle (Talmadge et al. 1991). Some sections stained by the PAS 
technique were dipped in photographic emulsion (Kodak NTB2), placed in 
light tight boxes for 4 weeks, and developed according to Talmadge et 
al. (1989). The sections were viewed and photographed using a Nikon 
Microphot-FXA microscope equipped with an image analysis system (Image- 
1/AT, Universal imaging) and a Sony UP-5000 video printer.
In vitro Experiments. Skeletal muscle incubations were performed 
according to Henriksen et al. (1986), with some modifications.
Briefly, the muscles (EDL and SOL) were incubated in 25 ml flasks 
containing 4 ml of oxygenated (95% 02: 5% C02) Krebs-Henseleit 
bicarbonate (KHB) buffer (Krebs 1950) with 7 mM HEPES (pH 7.4), 1% BSA, 
and substrate at 37 °C. Two fifteen minute preincubations preceded a 
final fifteen minute incubation which contained labeled substrate, 
either 3H-2-DG (300 pCi/mMol) and 14C-inulin (20 nCi/ml) as an 
extracellular space marker for glucose uptake or ^C-glucose (2 pCi per 
bath) for glycogenesis. In glucose uptake experiments the pre­
82
incubation contained 1 mM glucose and in the final incubation the 
substrate was 1 mM 2-DG. In glycogenesis experiments, the 
concentration of glucose was 5 mM in both the pre-incubations and final 
incubation. In experiments utilizing insulin, the final concentration 
of insulin in the incubation buffer was from 1 to 10,000 pUnits per ml. 
An increase in insulin sensitivity is defined as a shift in the dose 
response curve to the left and responsiveness as a greater response at 
maximal insulin stimulation (Wallberg-Henriksson 1988). Tissues were 
analyzed for 1AC and 3H as specified above for the in vivo experiments.
Statistical analysis. All values are presented as means ± 
standard error of the mean (SEM). For multiple group comparisons, 
analysis of variance (ANOVA) was performed. Bonferroni's post-ANOVA 
tests for selected group comparisons were performed to determine 
significant differences. For comparisons between two treatments, 
Student's t-tests were performed. In all cases, the level for 
significant differences was set at the p < 0.05 level.
RESULTS
The blood glucose concentration was similar between the normal 
and dy2J mice (Table 1). Thus, the in vivo experiments with labeled 
glucose and glucose analogs do not suffer from specific activity 
differences between groups. All of the muscles analyzed for uptake of
2-DG contained 3H-2-DG (Fig. 1). The chronically active DIA, both 
normal and dy2J, showed the highest amounts of 2-DG uptake (p < 0.05 
versus normal GAST) . The chronically active dy2J GAST took up 2-DG at 
levels about 2 times that of the normal GAST (p < 0.05). The non- 
chronically active dy2J TRI was not significantly different from normal 
TRI.
Similarly, the DIA also showed the highest rates of 3-0-MG uptake 
in vivo (p < 0.05 versus normal GAST, Figure 2). The dy2J GAST again 
showed increased uptake rates above normal (p < 0.05) and the dy2J 
triceps showed no difference from normal TRI.
The in vivo glycogenesis experiments followed the same pattern as 
the glucose uptake studies (Fig. 3). Normal and dy2J DIA had the 
highest amount of 14C incorporation into glycogen (p < 0.05). The dy2J 
GAST showed increased glycogen synthesis rates over normal GAST (p < 
0.05), and the non-chronically active dy2J TRI showed no difference 
versus normal TRI.
A linear regression analysis comparing glycogenesis rates in vivo 
and glycogen contents within the muscles (Fig. 4A) shows that in all 
muscles unaffected by pseudomyotonia there is a negative correlation (p
84
CHAPTER V.
TABLE 1. Blood Glucose in normal and dy2J mice.
Animal n mM mg/dl
Normal 12 11.3 ± 0.5 203 ± 9
dyZJ 12 11.7 ± 0.7 210 ± 12
No significant differences were observed between the two groups 
following Student's t-test. All animals were analyzed following ad 
libitum access to food.
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Figure 1. Distribution of 3H in normal and chronically active muscles 
following in vivo administration of 3H-2-deoxyglucose. N = 6 animals 
per group. The chronically active diaphragm muscles (DIA) show the 
highest amounts of 2-DG uptake. The chronically active dyZJ 
(dystrophic) gastrocnemius muscle (GAST) also shows significantly 
higher uptake than control GAST (p < 0.05). The unaffected forelimb 
triceps muscle (TRI) shows no significant difference between normal 
controls and dy2J animals. The * signifies significantly different from 
normal GAST at p < 0.05 using the Bonferroni method.
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Figure 2. Distribution of 3H in normal and chronically active muscles 
following in vivo administration of 3H-3-0-methylglucose. N = 8
animals per group. Normal and dy2J DIA took up the greatest amounts of
3-0-MG during the incubation period. The chronically active dy2J GAST 
showed a significant (p < 0.05) increase in uptake vs. normal controls. 
The TRI showed no significant differences (control vs. dy2J) . The * 
signifies significantly different from normal GAST at p < 0.05 using 
the Bonferroni method.
87
80
o>
E
E
a
TJ
60
co
<o
0
- 40+->c
>
(/)
0
o 20
a
>
0
GAST TRI DIA
Tissue Type
Normal Dystrophic
CHAPTER V.
Figure 3. Glycogen synthesis from ^C-glucose in normal and chronically 
active muscles following IP injection of U C-glucose. N = 8 animals per 
group. The DIA show the highest rates of glycogen synthesis from the 
u C-glucose injection. The dy2J GAST shows a significant (p < 0.05) 
increase over normal controls and the TRI shows no significant 
difference between normal and dyZJ animals. The * signifies 
significantly different from normal GAST at p < 0.05 using the 
Bonferroni method.
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CHAPTER V.
Figure 4. A) Linear regression of glycogen synthesis rates vs. glycogen 
contents in dy2J gastrocnemius muscles vs. all other muscle groups 
studied. The linear regression for the dy2J gastrocnemius muscle shows 
an increase in glycogen synthesis rate as glycogen content is increased 
(r2 = 0.2750, p < 0.05). This is quite different from other muscles 
which show decreases in glycogen synthesis rates with increasing 
glycogen contents (r2 = 0.1169, p < 0.01). B) Linear regression of 
glycogen synthesis rates vs. glycogen contents in chronically active 
muscles. The diaphragm muscles from control and dy2J animals show no 
dependence of glycogen synthesis rates on tissue glycogen levels (r2 = 
0.0403, p > 0.05). The dy2J gastrocnemius shows an increase in glycogen 
synthesis rates with increasing glycogen content (r2 = 0.2750, p < 
0.05). Perhaps, this aids in driving the glycogen concentration of the 
dy2J gastrocnemius muscle to the abnormally high levels. D = 
dystrophic, N = normal.
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< 0.05) between glycogenesis rates and glycogen content. The dy2J GAST, 
however, shows a positive correlation (p < 0.05). If only the DIA is 
plotted there is no significant relationship.
Autoradiography (Fig. 5A-F) demonstrates that only some of the 
high glycogen fibers in the dy2J GAST incorporate glucose into glycogen 
at higher rates than other fibers. Normal GAST shows no fibers which 
incorporate label at higher rates than any other fibers, resulting in a 
homogeneous labeling of the muscle (Fig. 5G, and H).
In vitro incubation experiments. The dy2J SOL and EDL muscles 
showed different types of responses when compared to control SOL and 
EDL. Basal 2-DG uptake was enhanced in the dy2J EDL compared to control 
(Fig. 6A) , while the dy2J SOL was not different from control (Fig. 6B). 
The response to insulin treatment was also different for the two 
muscles. Normal EDL showed little response to insulin treatment, 
whereas dy2J EDL showed a rather large response (Fig. 6A), resulting in 
increases in both sensitivity (curve shifted to left) and 
responsiveness (increase at maximal insulin). The normal SOL showed a 
typical increase in 2-DG uptake with an increase in insulin 
concentration (Fig. 6B) , while the dy2J SOL showed an increase in both 
sensitivity and responsiveness to insulin compared to control SOL (Fig. 
6B) .
Glycogen synthesis measured in vitro demonstrated that normal 
muscles, both EDL and SOL, showed increases in glycogenesis rate with 
increasing insulin concentration from 1 to 10,000 pU/ml (Fig. 7 A and 
8A) . The dy2J EDL had an increased basal glycogenesis rate as well as 
an increased response to insulin even at low (10 pU/ml) insulin
91
CHAPTER V.
Figure 5. Serial sections from dy2J and normal GAST, taken following in 
vivo administration of 1AC-glucose. Sections A-F are from dy2J GAST, 
and sections G and H are from normal GAST. All sections are stained by 
the PAS reaction for glycogen. Autoradiographs from dy2J GAST (sections 
B,D,and F) were photographed using a Kodak # 25 filter to remove PAS 
staining intensity. Section B demonstrates the increased capacity for 
some high glycogen fibers in the dy2J GAST to take up and synthesize 
glycogen from glucose (fibers labeled 1, 2, 3, and 4). Sections C, and 
D are high magnification views of the above sections. Note, not all 
high glycogen fibers (fiber 5 in sections A-D, and fibers 6-8 in 
sections E and F) show an enhanced deposition of 14C. The low and 
medium glycogen containing fibers (sections A-F) do not show any 
appreciable deposition of 14C. Normal GAST (sections G and H) show no 
fibers staining high for glycogen or incorporating U C. Bar equals 100 
pm in all sections. Also note that if the U C was converted to some 
form other than glycogen (ie. some small MW glycolytic intermediate) it 
would have been washed out of the tissue during the fixation and 
staining procedure.
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CHAPTER V.
Figure 6. Insulin stimulated 2-deoxyglucose uptake rates by EDL (A) 
and SOL (B) during in vitro incubation experiments. N = 6 muscles for 
each point. All in vitro incubations were gassed with 95% 02 : 5% C02. 
The concentration of DG was 1 mM, and a 30 min preincubation preceded 
the 15 min incubation period with 3H-labeled 2-DG. u C-Inulin was used 
to correct for extracellular 3H-2-DG. The * signifies significantly 
different (p < 0.05) from normal controls at the same insulin 
concentration (Student's t-test).
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CHAPTER V.
Figure 7. Insulin stimulated glycogen synthesis from glucose by the EDL 
muscle during in vitro incubations. N = 6 muscles for each point. A) 
Glycogen synthesis rates at the various insulin concentrations. At all 
insulin concentrations tested glycogen synthesis was higher in the dy2J 
EDL vs. normal controls. B) Glycogen content following the 
incubations. The dy2J EDL contains higher amounts of glycogen following 
incubation than normal controls. The * signifies significantly 
different (p < 0.05) from normal controls at the same insulin 
concentration (Student's t-test).
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CHAPTER V.
Figure 8. Insulin stimulated glycogen synthesis from glucose by SOL 
during in vitro incubation experiments. N = 10 muscles for each point. 
Glucose concentration was 5 mM. A) Glycogen synthesis rates at the 
various insulin concentrations. Only at the highest insulin 
concentration did dy2J SOL show a glycogen synthesis rate greater than 
normal. B) Glycogen contents following the incubation. Clearly, the 
dy2J SOL contains higher amounts of glycogen than normal SOL following 
incubation. The * signifies significantly different (p < 0.05) from 
normal controls at the same insulin concentration (Student's t-test).
concentrations, in comparison to control EDL muscle (Fig. 7A). Thus, 
both responsiveness and sensitivity to insulin were increased in the 
dy2J EDL. The dy2J SOL muscle showed no difference in basal or insulin 
stimulated glycogenesis in comparison to normal SOL muscles except at 
the highest insulin concentration tested (10,000 pU/ml) (Fig. 8A). 
Thus, only insulin responsiveness increased in the dy2J SOL. The 
concentration of glycogen found in the muscle following the in vitro 
incubation procedure was always higher in the dy2J muscle compared to 
the normal muscle. This is shown for both the EDL and the SOL muscles 
(Figs 7B and 8B).
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DISCUSSION
This is the first study, to our knowledge, that documents the 
effects of long-term contractile activity on the metabolism of glucose 
by skeletal muscle. We analyzed blood glucose levels, the capacity for 
chronically active skeletal muscles to take up glucose in vivo and in 
vitro (with and without insulin stimulation), as well as the capacity 
for chronically active skeletal muscles to synthesize glycogen from 
glucose in vivo and in vitro (with and without insulin stimulation).
The in vivo experiments demonstrated an increased capacity for 
chronically active skeletal muscles to take up glucose from the blood. 
One assumption for measurement of glucose uptake in vivo is that the 
blood glucose levels are similar between the treatment groups (James et 
al. 1985). In this study, blood glucose concentrations between normal 
and dy2J animals were nearly identical. The DIA, a muscle that is 
chronically active under normal conditions, demonstrated the highest 
levels of glucose uptake. The high level of glucose uptake exhibited 
by the DIA is expected, for the DIA has a persistent high energy 
requirement due its chronic contractile activity. Blood glucose is 
expected to be used at very high rates to maintain a constant 
production of ATP in order to sustain contractile activity. The high 
glucose uptake observed by the DIA is similar to previous results 
obtained by James et al. (1985), who demonstrated nearly a four-fold 
higher glucose uptake rate by the DIA in comparison to the GAST in vivo 
in resting rats. The dy2J GAST, another chronically active muscle, also 
showed high rates of glucose uptake, which were significantly higher
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than control GAST. Apparently, the energy demands of this muscle also 
lead to an increased uptake and usage of glucose as an energy source to 
supply the chronically contracting fibers.
The glucose uptake rates were demonstrated using two different 
glucose analogs, 2-DG, which is phosphorylated upon entering the cell, 
but is not further metabolized, and 3-0-MG, which is neither 
phosphorylated nor metabolized (Wallberg-Henriksson 1987). We observed 
a similar trend in glucose uptake regardless of which analog was used. 
The DIA showed the highest incorporation rates, with no observed 
difference between normal and dy2J DIA. The dy2J GAST showed the next 
highest glucose uptake rate. The non-chronically active muscles 
(normal GAST and TRI, and dy2J TRI) showed the lowest rates of uptake.
We did observe differences in the absolute uptake rates between 3-0-MG 
and 2-DG. The lower amount of uptake observed with 3-0-MG may result 
from 3-0-MG being able to diffuse out of the cell. In which case, 3-0- 
MG distribution in vivo may reflect the intracellular concentration of 
glucose following equilibration. Since 2-DG is phosphorylated and 
remains in the cell, it may be a more reliable indicator of glucose 
transport than 3-0-MG in vivo. If 3-0-MG actually represents the 
intracellular glucose concentration, then there are higher 
concentrations of glucose in the chronically active muscles. A second 
possible explanation for the apparently lower 3-0-MG uptake in 
comparison to 2-DG is that some extracellular 3H-2-DG remained in the 
muscle despite the washout period, contributing to higher 3H in the 
tissue.
The rates of glycogenesis were higher in the chronically active
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muscles, even though contractile activity normally results in a 
decrease in muscle glycogen content. The DIA shows the highest 
incorporation rates, followed by the dy2J GAST and the non-chronically 
active muscles. It appears that those muscles with the highest rates 
of glucose uptake and perhaps the highest concentrations of 
intracellular glucose have the highest rates of glycogenesis. It was 
recently reported that in human skeletal muscle during hyperglycemia 
there is an increase in glucose uptake, muscle glucose content and 
glycogen synthase activity (Katz et al. 1991). The dy2J GAST has been 
shown to have both increased fractional activity and total activity of 
glycogen synthase (Talmadge and Silverman 1991) in addition to the 
increase in glucose uptake reported here, thus the controlling factors 
may be similar in the two preparations.
Exercise also increases the rates of glycogen synthesis by 
skeletal muscles in vivo (Hutber and Bonen 1989). One difference 
between normal muscles, either resting (this study) or exercising 
(Hutber and Bonen 1989), and the chronically active dy2J GAST is that in 
normal muscle there is an inverse relationship between glycogenesis and 
glycogen content, whereas in the dy2J GAST this relationship shows a 
positive correlation. Similarly, it was previously shown that glycogen 
synthase (GS) activity in the dy2J GAST is increased despite an 
increased glycogen content (Talmadge and Silverman 1991) and that the 
high glycogen containing fibers in the dy2J GAST have the highest levels 
of GS activity. Thus, in the dy2J GAST, high levels of glycogen are 
associated with high GS activity and increased glycogenesis.
Therefore, the normal inhibitory effect of glycogen content on
100
glycogenesis is apparently lost in the dy2J GAST (Talmadge and Silverman 
1991). In comparison, the chronically active DIA showed a non­
significant correlation between glycogen content and glycogenesis.
Autoradiography demonstrated that some, but not all, of the high 
glycogen fibers in the dy2J GAST synthesize glycogen from glucose at 
increased rates, which may be related to the pattern of motor unit 
activity in the dy2J muscle. Due to the pseudomyotonia, different motor 
units may be active at different times. The increased glycogenesis 
observed in the few high glycogen fibers may have resulted from either 
recent activity of a particular motor unit or activity of the motor 
unit concurrent with ^C-glucose administration.
Although the in vivo studies demonstrate an increase in glucose 
uptake rates and glycogenesis, they do not demonstrate that it is the 
muscle itself which is adapting to the increased activity. It is 
possible that the whole animal adapts by regulating the amounts and 
types of humoral factors in the blood which in turn regulate muscle 
metabolism. In order to establish if the muscle itself was adapting, 
in vitro experiments were performed on both chronically active and 
control muscles. These experiments demonstrate that there is a direct 
effect of chronic activity on the muscle, and that there is a 
differential response dependent upon muscle type. The differential 
response appears to be related to the fiber type characteristics of the 
muscle. The SOL, which in the normal mouse contains primarily 
oxidative fibers of both fast and slow-twitch types, responded to 
chronic contractile activity in - much different way than the EDL, 
which contains a mixture of oxidative and glycolytic fibers of
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primarily fast-twitch type. The dy2J SOL showed no change in basal 
glucose uptake or glycogenesis. Glucose uptake by the dy2J SOL showed 
an increased insulin sensitivity (defined as a shift in the dose 
response curve to the left, Wallberg-Henriksson 1988) and insulin 
responsiveness (defined as a greater response at maximal insulin 
stimulation, Wallberg-Henriksson 1988). Glycogenesis was only 
increased at non-physiologically high insulin levels (10,000 pU/ml), 
therefore only responsiveness and not sensitivity was increased. The 
EDL, on the other hand, showed increases in basal glucose uptake and 
glycogenesis, as well as insulin sensitivity, and insulin 
responsiveness for both glucose uptake and glycogenesis.
Perhaps the SOL, due to its high oxidative capacity, is near its 
limit regarding glucose uptake and insulin sensitivity; since, glucose 
uptake by oxidative muscles is more insulin sensitive than glucose 
uptake by glycolytic muscles (James et al. 1985, Wallberg-Henriksson 
1987). Oxidative muscles also contain higher quantities of the insulin 
regulatable glucose transporter GLUT-4 (Henriksen et al., Kern et al. 
1990). It is also possible that some degeneration is occurring in the 
dy2J SOL and may contribute to the difference in response observed 
between SOL and EDL. The normal EDL, a highly glycolytic muscle, shows 
only a low sensitivity to insulin. The dy2J EDL, subjected to the 
chronic activity, increases in oxidative capacity and may concurrently 
become more insulin sensitive with respect to glucose transport.
This experiment supports the hypothesis that glucose transport is 
not related to cellular glycogen levels (Richter et al. 1988).
Glycogen levels are elevated in the dy2J GAST, EDL and SOL, but glucose
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transport is also elevated. It was previously thought that the post­
exercise increase in insulin responsiveness of glucose uptake is 
dependent upon glycogen depletion (Zorzano et al. 1986). It was also 
suggested that increases in muscle glycogen following exercise are 
responsible for the eventual decrease in glucose transport observed 
during recovery (James et al. 1985). In the case of the chronically 
active muscle, glucose transport is elevated despite increased glycogen 
levels.
It appears that the disposal of glucose by oxidation could be 
rate limiting for glucose catabolism, which may explain the concomitant 
increase in glycogen synthesis and lactate production in the dy2J GAST 
(Talmadge et al. 1989). The data showing that an enhanced glucose 
uptake rate coincides with an increased rate of glycogen synthesis in 
an actively contracting highly oxidative muscle (dy2J GAST) provide some 
evidence that glucose catabolism is rate limiting for glucose 
metabolism. Lactate also accumulates in the dy2J GAST (Talmadge et al. 
1989), suggesting that oxidation is the limiting factor in glucose 
catabolism. If glucose transport were rate limiting, then increased 
glucose transport would merely be a reflection of the rate of 
utilization. A muscle engaged in active contractions and therefore 
glucose oxidation would not be expected to have enhanced glycogenesis 
or accumulate lactate. The glucose moved across the sarcolemma would 
be phosphorylated, shuttled to the glycolytic pathway, and oxidized in 
the mitochondria. Glucose-6-phosphate would not be available for 
glycogen synthesis and lactate would not accumulate. Clearly this is 
not the case. If glycolytic flux were limiting, then lactate would not
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accumulate for all of the pyruvate formed would be oxidized in the 
mitochondria.
An alternative explanation is that glucose metabolism is 
regulated at more than one point including both transport and 
utilization (Wallberg-Henriksson, 1987). It has been shown that there 
is an increase in the sarcolemmal associated glucose transporter, GLUT- 
4, with exercise (Douen et al. 1990). Thus, there is a definitive 
point of regulation for glucose metabolism at the transport step.
Enzymes involved in the catabolism of glucose are also regulated by 
contractile activity and insulin (Leighton et al. 1989). If during the 
initial phase of contractions both glucose transport and enzymatic 
metabolism are up regulated in synchrony, then no glucose-6-phosphate 
would be available for glycogen synthesis. However, at longer
stimulation times, the metabolic pathways of the muscle may switch to
utilizing alternative fuels, such as lipid and lactate, for oxidation 
to supply contractile energy requirements. If at this point glucose 
transport remains stimulated, then glucose in the form of glucose-6- 
phosphate is now available for glycogen synthesis. The oxidation of 
alternative fuels by some fibers despite an increased glucose uptake 
would then lead to an increase in lactate production in fully
oxygenated muscle, which may explain the increased lactate found in the
dy2J GAST (Talmadge et al. 1989).
In summary, chronically active muscles have higher rates of 
glucose uptake and glycogenesis. Insulin stimulation of glucose uptake 
and glycogen synthesis is enhanced in these muscles and shows a 
different response dependent on the muscle being analyzed.
Autoradiography suggests that not all high glycogen fibers in the dy2J 
muscle use glucose for glycogen synthesis to the same extent and may be 
dependent upon motor unit activity. Finally, at least some chronically 
active muscles appear to have a dissociation of the regulation of 
glucose transport and glycogenesis by cellular glycogen levels, 
resulting in increased storage of glycogen by the muscle.
CHAPTER VI: GLYCONEOGENESIS BY SKELETAL MUSCLE: 
POSSIBLE INVOLVEMENT OF PEPCK
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INTRODUCTION
The synthesis of glycogen from lactate (glyconeogenesis) by 
skeletal muscle has long been debated, but it has become accepted as an 
important pathway for the resyntbesis of glycogen in reptilian and fish 
muscle after exercise (Gleeson and Dalessio 1990, Batty and Wardle 
1979). However, glyconeogenesis is not as well accepted in mammalian 
skeletal muscle (Gaesser and Brooks 1984). Recently, glyconeogenesis 
was shown to be functional in rabbit (Pagliasotti and Donovan 1990), 
rat (Shiota et al. 1984, Stevenson et al. 1987), and mouse (Bonen et 
al. 1990, Talmadge et al. 1989). The primary fiber type making use of 
glyconeogenesis is the fast-twitch glycolytic (FG) type (Shiota et al. 
1984, Pagliasotti and Donovan 1990, and Bonen et al. 1990). This 
conclusion is based on assessment of whole muscle data with the 
interpretation related to varying fiber type percentages in the muscles 
being studied. One study, using autoradiographic techniques (Talmadge 
et al. 1989), specifically identified muscle fibers undergoing 
glyconeogenesis. In a chronically active muscle, FG fibers have an 
increased capacity to synthesize glycogen from lactate (Talmadge et al. 
1989).
The biochemical pathway for glycogen synthesis from lactate by 
skeletal muscle has not been elucidated. It is known that the pathway 
is not merely a reversal of the glycolytic pathway, because two 
enzymatic steps of this pathway are essentially irreversible (Stryer 
1989). The enzymes are 1) phosphofructokinase (PFK), and 2) pyruvate 
kinase (PK). The bypass reaction for circumventing PFK is thought to
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occur via fructose-1,6-bisphosphatase, an enzyme that is found in 
abundance in FG muscle fibers (Opie and Newsbolme 1967). The pathway 
for the formation of phosphoenolpyruvate from pyruvate (i.e. the 
reversal of PK) is not as well established. It was suggested that this 
pathway may occur via 3 enzymes (malic enzyme, ME; malate 
dehydrogenase, MDH; and phosphoenolpyruvate carboxykinase, PEPCK) and 2 
intermediates (malate, MAL; and oxaloacetate, OAA) (Bendall and Taylor 
1970, Connett 1979). The three enzymes are found in the cytosol of FG 
muscle (Nolte et al. 1972, Pette 1968), implying that mitochondria may 
not be involved. An alternative view is that this bypass series is not 
needed and that PK can be reversed under certain conditions (Dyson et 
al. 1975). Studies were performed aimed at establishing the 
involvement of PEPCK by using the PEPCK inhibitor, 3-mercaptopicolinic 
acid (3-MPA). This inhibitor was shown to inhibit glyconeogenesis in 
liver at relatively low concentrations (DiTullio et al. 1974) and to 
work at the PEPCK step (Kostos et al. 1975). It was shown to inhibit 
gluconeogenesis in liver in vivo (Turcotte et al. 1990) and in 
perfusion experiments (DiTullio et al. 1974). Studies on muscle have 
yielded conflicting results; one study demonstrated inhibition of 
skeletal muscle glyconeogenesis by 3-MPA (Connett 1979). Perfusion 
studies with 3-MPA showed no inhibitory effect on glyconeogenesis in 
muscle (Pagliasotti and Donovan 1990, and Shiota et al. 1984).
In a chronically active muscle, that contains some fibers showing 
enhanced glyconeogenesis, there is an increase in PEPCK activity 
(Talmadge and Silverman 1991). The increase in PEPCK activity by 
chronically active muscle is circumstantial evidence that PEPCK is
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involved in glyconeogenesis, at least in the chronically active muscle.
The model for chronic activity is the C57B16J dy2J/dy2J (dy2J) 
mouse. The hindlimb muscles of the dy2J mouse suffer from 
pseudomyotonia, a chronic and repetitive neural stimulation (Rasminsky 
1978), associated with abnormalities in myelination at the spinal roots 
(Jaros and Jenkison 1983). Certain muscle fibers in the superficial 
region of the gastrocnemius muscle (GAST) of the dy2J mouse store high 
amounts of glycogen and remain glycolytic despite the chronic activity 
of the whole muscle. It is suggested that the high glycogen fibers are 
less active than surrounding fibers that show an increase in oxidative 
capacity (Hargroder et al. 1987, Talmadge and Silverman 1991). The 
high glycogen fibers were demonstrated to have an increased capacity 
for glyconeogenesis from lactate (Talmadge et al. 1989).
In this study, we analyze the capacity for normal and dy2J muscles 
to synthesize glycogen from lactate in vitro. In order to perform in 
vitro experiments, relatively thin muscles were used to limit adverse 
effects of long diffusion distances. Therefore, the soleus (SOL) and 
extensor digitorum longus (EDL) muscles were used in place of the GAST. 
The conditions of the in vitro preparations were manipulated in an 
effort to 1) determine the optimal conditions for glyconeogenesis by 
skeletal muscle; 2) to establish the effects of previous chronic (dy2J 
muscles) and short-term (swim exercised) activity; and 3) to determine 
the involvement of PEPCK by utilizing two PEPCK inhibitors, 3-MPA and 
quinolinic acid (Robinson and Oie 1975).
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MATERIALS AND METHODS
In vitro incubation experiments were performed, at 37°C, 
according to Bonen et al. (1990) using a Dubnoff metabolic shaker with 
the following modifications. The extensor digitorum longus (EDL) and 
soleus (SOL) muscles were incubated in a non-bicarbonate buffered 
Krebs-phosphate buffer (KPB) (Krebs 1950). Krebs-Henseleit bicarbonate 
buffer (KHB) and KPB have been used for the manometric determination of 
tissue respiration with similar results (Krebs 1950). KPB offers the 
advantage that 5% C02 is not needed in the gas phase to maintain proper 
pH.
Briefly, muscles were pre-incubated for two 15 min periods each 
without radioactive label in 4 ml of KPB supplemented with lactic acid 
as the sole substrate at various concentrations, and 1% BSA. A 15 min 
incubation followed the pre-incubation. The incubation buffer also 
contained radiolabeled u C-lactic acid (0.615 pCi/ml). The gas phase 
was room air (ATM), or as specified. The pH of the pre-incubation and 
incubation buffers was set after warming to 37°C and equilibrating with 
the appropriate gas mixture. The pH was measured prior to and 
following each pre-incubation and incubation, and did not change during 
the course of the experiments. The addition of inhibitors of PEPCK, 
quinolinic acid and 3-MPA, were at various concentrations and the pH of 
the pre-incubation and incubation baths was adjusted accordingly.
Following incubation the EDL and SOL were weighed using a Cahn 
electrobalance, rinsed in isotonic saline, and solubilized in 0.5 ml of 
30% KOH with saturated sodium sulfate in a boiling water bath for 15
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min (Hutber and Bonen 1989, Talmadge and Silverman 1991). Glycogen was 
precipitated with 95% ethanol, washed with 66% ethanol according to 
Hutber and Bonen (1989), and the glycogen pellet was resuspended in 0.5 
ml of dH20. A fraction (0.2 ml) of the glycogen was used for the 
determination of u C-carbon according to standard liquid scintillation 
procedures. A second fraction was used for the determination of total 
glycogen according to the phenol-sulfuric acid method (Lo et al. 1970).
In some experiments, the effects of previous contractile activity 
were analyzed. Short term exercise consisted of a 15 min swim in 35°C 
water. The muscles were taken from the animals immediately following 
the exercise protocol. The effects of chronic muscular activity were 
also evaluated using the dy2J mouse as a model for chronic muscle 
contractile activity. A colony of these mice has been maintained at 
the L.S.U. Basic Sciences vivarium for approximately 11 years. This 
mouse suffers from a chronic and intermittent neural stimulation of the 
hindlimb muscles (Rasminsky 1978). Thus, both short bouts of exercise 
and chronic activity are evaluated for their effects on glycogen 
synthesis from lactate.
Statistical analysis. All values are presented as means ± 
standard error of the mean (SEM). For multiple group comparisons, 
analysis of variance (ANOVA) was performed. Bonferroni's post-ANOVA 
tests for selected group comparisons were performed to determine 
significant differences. For comparisons between two treatments, 
Student's t-tests were performed. In all cases, the level for 
significant differences was set at the p < 0.05 level.
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RESULTS
Glycogen synthesis from lactate was demonstrated to occur under 
in vitro conditions for both the EDL and the SOL muscles from normal 
control mice. The EDL demonstrated approximately a two-fold greater 
incorporation rate than SOL (Fig. 1). The rate of glycogen synthesis 
from lactate was pH dependent for both the SOL and the EDL with a pH of 
6.6 being optimal for both (Fig. 1). Therefore, all successive 
experiments were performed at pH 6.6. There was also a linear 
concentration dependence (Fig. 2) (r2= 0.982, p < 0.05 for EDL and r2= 
0.972, p < 0.05 for SOL). Due to the concentration dependence all 
remaining experiments were performed at 10 mM lactate concentration.
The glyconeogenic rates were similar under atmospheric gassing of the 
bathing fluid and gassing with 100% 02 (Fig. 3); however, when 95% 02:
5% C02 or 100% N2 were used to gas the bathing medium, the rate was 
significantly reduced for both the EDL and SOL (Fig. 3). A gas phase 
of 100% nitrogen resulted in a complete inhibition of glycogen 
synthesis from lactate. In all successive experiments atmospheric 
gassing of the medium was used unless otherwise specified.
The effects of previous exercise are displayed in Fig. 4. A 
short term bout of exercise, 15 min of swim exercise, did not 
significantly affect the rates of glyconeogenesis from lactate for both 
EDL and SOL. Chronic muscle activity, as demonstrated by the dy2J 
hindlimb muscles, resulted in a significant decrease in glyconeogenesis 
in the EDL and no difference in the SOL (Fig. 4).
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Figure 1. Effect of pH on in vitro glyconeogenic rates in mouse 
extensor digitorum longus (EDL) and soleus (SOL) muscle. Each data 
point represents the mean and standard error of the mean (SEM). N = 8 
for all points except at pH 6.6 for which n = 10 for both EDL and SOL. 
Krebs-phosphate buffer (KPB) was the incubation medium and was gassed 
with room air (ATM). Lactate concentration was 10 mM in both pre- 
incubation and incubation and was the sole substrate. The * denotes 
significantly different from all other points for EDL. The ** denotes 
significantly different from all points except pH 7.0 for SOL. 
Significant differences are based on Bonferonni's post-ANOVA 
significance tests with significance set at p < 0.05.
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Figure 2. Effect of lactate concentration on glyconeogenic rates 
for mouse EDL and SOL. N = 8 for each point except 10 mM lactate for
which n = 10 for both EDL and SOL. The pH was maintained at 6.6; all
other conditions were the same as in Fig. 1. For EDL r2 = 0.982, p < 
0.05, slope = 0.241, and y-intercept = 0.029. For SOL r2 = 0.972, p <
0.05, slope = 0.118, and y-intercept = 0.013. See Fig. 1 for
abbreviations.
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Figure 3. Effect of various gases (ATM; 100% 02, 100%; 95% 02:5% 
C02) 95:5; and 100% N2, Nitr.) on glyconeogenic rates for mouse EDL and 
SOL. Bars represent mean and SEM. Each bar represents an n = 8, 
except for ATM = 10 for EDL and SOL. The * denotes significantly 
different from ATM for that muscle type, based on Bonferroni's post- 
ANOVA significance test, p < 0.05. Lactate concentration was 10 mM and 
pH 6.6 in KPB for all gas mixtures.
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Figure 4. Effect of various contractile activities on 
glyconeogenic rates in mouse EDL and SOL. Exercised animals were swim 
exercised for 15 min and represent short term activity, dy2J are 
dy2J/dy2J animals and represent chronic activity. Each bar represents 
the mean and SEM with an e = 8, except for control for which n = 10. 
The * denotes significantly different from control, based on 
Bonferroni's post-ANOVA significance test at p < 0.05. Lactate 
concentration was 10 mM, pH 6.6 in KPB with ATM.
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The effect of two PEPCK inhibitors was also evaluated. 3- 
Mercaptopicolinic acid inhibited glyconeogenesis in a dose dependent 
manner (Fig. 5). For the EDL, 3-MPA inhibits glyconeogenesis at 
relatively low concentrations (0.5 mM). The SOL is not significantly 
inhibited until 3-MPA is added at 1 mM concentration. A maximal 
inhibition of glyconeogenesis is achieved for both EDL and SOL at 
approximately 3 mM 3-MPA (Fig. 5). An increase in 3-MPA up to 30 mM 
results in no significant difference in comparison to 3 mM (Fig. 6). 
Quinolinate, another inhibitor of PEPCK, was less effective at 
inhibiting glyconeogenesis from lactate in EDL and ineffective in SOL 
(Fig. 6).
At rest EDL and SOL had glycogen contents of approximately 1.25 
mg/g wet wt (Fig. 7A). After the bout of swim exercise the EDL showed 
a marked reduction in glycogen content (Fig. 7A). The SOL, did not 
show a depletion in glycogen. After exercise and incubation in the 10 
mM lactate, pH 6.6 KPB medium for a total of 45 min (two 15 min pre- 
incubations and one 15 min incubation), the glycogen content of the EDL 
showed no change, while the glycogen content of the SOL was decreased 
to approximately half of the non-incubated muscle, suggesting that 
glycogenolysis occurred (Fig. 7A). Addition of 3-MPA into the medium 
resulted in a decrease in EDL glycogen and no change in SOL glycogen 
content (Fig. 7A).
The dy2J muscles, EDL and SOL, had higher glycogen contents than 
normal muscle prior to incubation (Fig. 7B). Upon incubation the 
glycogen content of dy2J SOL and dy2J EDL were decreased to about half 
that of the non-incubated muscles (Fig. 7B). Addition of 3-MPA had no
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Figure 5. Dose dependent response of glyconeogenic rates to 3- 
raercaptopicolinic acid (3-MPA) in mouse EDL and SOL. Each point 
represents the mean and SEM of 8 values, except for 0 mM 3-MPA for 
which n = 10. The * denotes significantly different from no 3-MPA 
(i.e. no 3-MPA in incubation) for that muscle, according to 
Bonferroni's post-ANOVA significance test at p < 0.05. 3-MPA was 
present in pre-incubations and incubations at the specified 
concentration. The conditions were 10 mM lactate, pH 6.6 in KPB with 
ATM.
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Figure 6. Maximal response of glyconeogenic rates to 3-MPA and 
quinolinic acid (Quin) in mouse EDL and SOL. Each point represents the 
mean and SEM of 8 values except for control for which n = 10. The * 
indicates significantly different from control for that muscle, 
according to Bonferroni's post-ANOVA significance test at p < 0.05. 3-
MPA or Quin was present in the pre-incubations and incubations at the 
specified concentration. The conditions were 10 mM lactate, pH 6.6 in 
KPB with ATM.
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Figure 7. Glycogen content of muscles prior to and following 
incubation. A) Glycogen content following exercise and incubation. 
Displayed are glycogen contents at rest with no incubation (Rest), 
immediately after exercise with no incubation (Ex), after exercise and 
45 min incubation (two 15 min pre-incubations and one 15 min 
incubation) (Inc), and after exercise and 45 min incubation with 3 mM 
3-MPA (MPA). The * denotes significantly different from rest, the **  
denotes significantly different from exercise alone, and the ***  
denotes significantly different from exercise and incubation. B) 
Glycogen content of dy2J muscle compared to normal and after incubation 
Displayed are resting values for normal muscle without incubation 
(Norm), resting values for dy2J muscle without incubation (dy), values 
for dy muscles following 45 min incubation (Inc), and values for dy 
muscle following 45 min incubation with 3 mM 3-MPA. The * denotes 
significantly different from normal, and the ** denotes significantly 
different from dy2J without incubation. C) Glycogen content following 
treatment of the incubation with various gases. Displayed are values 
following incubation with ATM, 100% oxygen (100), 95% 02: 5% C02 (95:5) 
and 100% N2 (Nitr). The * denotes significantly different from ATM.
All significant differences are according to Bonferroni's post-ANOVA 
significance test for that muscle type with significance set at p < 
0.05. N - 8 for all groups.
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effect on glycogen content in the dy2J muscles (Fig. 7B).
The gas used with the incubation medium effected the glycogen 
content of the muscles of mice following swim exercise. Gassing with 
100% 02 resulted in a higher glycogen content in both EDL and SOL
muscles (Fig. 7C). The glycogen content approximated the control non­
incubated values suggesting a net synthesis of glycogen under 
conditions of 100% 02 gassing. Gassing with 95% 02:5% C02 resulted in a 
decreased glycogen content of the EDL muscle and no difference for the 
SOL compared to gassing with atmospheric conditions. Gassing with 100% 
nitrogen resulted in decreased glycogen for both EDL and SOL.
The effect of 3-MPA on glycogen content is more pronounced in the
EDL muscle, as demonstrated by 1.0 mM 3-MPA resulting in a
significantly lower glycogen content than no 3-MPA. For the SOL, 
glycogen content is not affected until 3-MPA is at 30 mM in the 
incubation medium.
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TABLE 1. Effect of 3-MPA on glycogen contents of EDL and SOL after 
exercise and incubation with lactate as the sole substrate.
3-MPA Glycogen Content (mg/g wet wt)
concentration
(mM) EDL SOL
0 0.640 ± 0.044 0.847 ± 0.079
0.3 0.792 ± 0.097 0.869 ± 0.030
0.5 0.476 ± 0.016 0.691 ± 0.088
1.0 0.343 ± 0.041** 0.613 ± 0.034
2.0 0.338 ± 0.021** 0.828 ± 0.085
3.0 0.301 ± 0.059** 0.569 ± 0.033
30.0 0.183 ± 0.031*** 0.492 ± 0.105*
The values are means ± SEM. The * represents a glycogen 
content that is significantly different (p < 0.05) from the glycogen 
content when no 3-MPA is present in the bath, ** p < 0.01, *** p <
0.001. Statistically significant differences based on Anova and 
Bonferroni's post anova tests. N = 8 for each group. All animals were 
swim exercised for 15 min. Incubation was for a total of 45 min, two 
15 min pre-incubations followed by one 15 min incubation in KPB with 10 
mM lactate, pH 6.6, and ATM.
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DISCUSSION
Mammalian skeletal muscle has the capacity to synthesize glycogen 
directly from lactic acid (Bonen et al. 1990, Pagliasotti and Donovan 
1990, Shiota et al. 1984, Stevenson et al. 1987, and Talmadge et al. 
1989). This in vitro study confirms that glyconeogenic rates are 
higher in predominantly fast-twitch glycolytic EDL muscle compared to 
the slow-twitch oxidative SOL muscle. The pH optimum for 
glyconeogenesis being is in the 6.5 to 6.6 range. Bonen et al. (1990) 
observed a pH optimum spanning from pH 6.5 to pH 7.0.
We determined the maximal glyconeogenic rate for the EDL muscle 
to be approximately 0.5 nMol/mg wet wt/15 min at pH 6.6 and 10 mM 
lactate. This is equivalent to approximately 2.5 nMol/mg protein/15 
min, based on a protein content for rat fast-twitch muscle of 0.2 mg/mg 
wet wt (Kelso et al. 1987). Bonen et al. (1990) observed a maximal 
rate of 4.5 nMol/mg protein/15 min at pH 6.5 and 10 mM lactate for 
mouse EDL. For the SOL, we observed a maximal rate of approximately 
0.25 nMol/mg wet wt/15 min under the same conditions. This is 
equivalent to 1.5 nMol/mg protein/15 min, based on a protein content 
for rat soleus of approximately 0.17 mg/mg wet wt (Kelso et al. 1987). 
Bonen et al. (1990) observed a maximal rate of 1.0 nMol/mg protein/15 
min for mouse SOL. Thus our observed maximal rates are in general 
agreement with Bonen et al. (1990). The only differences in 
experimental protocol between the two studies are: 1) Bonen et al.
(1990) used the KHB medium and 95% 02:5% C02 for buffering and 
oxygenation, while we used the KPB buffer and ATM for buffering and
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oxygenation; and 2) Bonen et al. (1990) used palmitate as a substrate 
for oxidative metabolism during the pre-incubations, while in our study 
only lactate was used as a substrate during both pre-incubations and 
incubations.
The glyconeogenic rates observed in this study using ATM for 
oxygenation of the medium are in agreement with other studies.
Increased oxygenation of the medium by gassing with 100% 02 resulted in 
no change in the maximal rates of glycogen synthesis from lactate for 
both the EDL and SOL. Increased oxygenation did, however, result in 
the net accumulation of glycogen from lactate as sole substrate by the 
EDL during the 45 min of pre-incubation and incubation. Thus, a cycle 
involving glyconeogenesis and glycogenolysis occurs within the muscle 
during incubation. The synthesis of glycogen from lactate appears to 
be less sensitive to 02 than is glycogenolysis. At high 02 tensions in 
the incubation medium, such as when 100% 02 is provided, glycogenolysis 
is reduced to a point where a net synthesis of glycogen from lactate is 
observed in muscles previously depleted of their glycogen by swim 
exercise. However, at lower 02 tensions (i.e. ATM) glyconeogenesis is 
matched by the increased glycogenolysis, resulting in no net change in 
glycogen content. This is one possible explanation for the observed 
increase in glycogen in the EDL muscle during incubations with 100% 02. 
The finding that glyconeogenesis and glycogen content are both reduced 
when anoxia is simulated by gassing with N2 provides evidence that 
glyconeogenesis is at least indirectly dependent upon some oxidative 
metabolism occurring in the cell. Oxidative metabolism may supply NADH 
from the Krebs cycle and ATP from the electron transport chain to the
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glyconeogenic enzymes.
The decreased glyconeogenic rate with 95% 02:5% C02 was unexpected 
in light of the use of this gas by Bonen et al. (1990) for in vitro 
glyconeogenesis experiments. It is possible that this is due to a 
shift in pH due to the addition of more C02 resulting in a shift in the 
equilibrium of the carbonic anhydrase reaction and an increased 
acidity. However, there was no measurable change in the pH of the 
medium during any of the incubations and the pH of the medium was set 
while the bathing fluid was at 37°C and being gassed with the 
appropriate gas or mixture of gases. An alternative could involve 
PEPCK formation of C02 as a product in converting oxaloacetate to PEP 
in the PK bypass steps. An increase in the cytosolic C02 due to 
gassing the medium with 5% C02 could have an inhibitory effect on the 
formation of PEP due to mass action for reversible reactions resulting 
in a net decrease in glyconeogenesis.
The hypothesis that PEPCK is involved in skeletal muscle 
glyconeogenesis becomes more likely in light of the results obtained 
using 3-MPA and quinolinic acid to inhibit PEPCK. Low concentrations 
of 3-MPA inhibited glyconeogenesis in the EDL muscle. Slightly higher 
concentrations of 3-MPA were effective in the SOL muscle. For both 
muscles, there was a dose-dependent relationship with 3-MPA.
Quinolinic acid was a less effective inhibitor of PEPCK. Similar 
results were observed in the kidney of guinea pigs and rats (Robinson 
and Oei 1975). It was previously shown that 3-MPA affects primarily 
the cytosolic form of PEPCK as opposed to the mitochondrial form 
(Robinson and Oei 1975). Thus, our results are in agreement with the
proposed cytosolic bypass pathway for circumventing PK. The finding 
that perfusion studies were unable to demonstrate that 3-MPA inhibits 
glyconeogenesis in skeletal muscle (Pagliasotti and Donovan 1990, and 
Shiota et al. 1984), but were effective for demonstrating inhibition of 
liver PEPCK (DiTullio et al. 1974), may be due to the anatomical 
differences in capillary morphology of muscle and liver. The 
capillaries in the liver are discontinuous sinusoids providing the 
blood and blood borne chemicals with a direct contact with the 
hepatocyte plasmalemma; however, in skeletal muscle the blood and blood 
borne elements must cross two membranes (the inner and outer 
endothelial cell membranes) prior to reaching the extracellular space 
and contacting the myofiber sarcolemma. The difference in diffusional 
barriers could directly effect the inhibitor concentration in the 
cytoplasm and effect cytosolic PEPCK activity. In vitro experiments 
overcome this problem due to the direct accessibility of the bathing 
medium to the muscle fiber membrane, because delivery of the inhibitor 
occurs via the extracellular space as opposed to the vascular system. 
Thus, it appears that cytosolic PEPCK is involved in the synthesis of 
glycogen from lactate by skeletal muscle.
There was no affect of prior muscle contractile activity on 
glycogen synthesis from lactate. Indeed, the EDL muscle appears to be 
involved in the swim exercise due to the depletion in glycogen observed 
after the relatively short duration swim. Despite the previous 
activity and the depletion in muscle glycogen, there was no effect on 
the maximal rate of glycogen synthesis from lactate. Chronic activity, 
such as observed in the dy2J muscles, resulted in a decrease in the
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maximal rate despite the presence of some muscle fibers that showed an 
enhanced capacity for glyconeogenesis from lactate (Talmadge et al.
1989, Talmadge and Silverman 1991). The lower glyconeogneic rate 
observed in dy2J muscles is most likely due to the fiber type transition 
that occurred in these muscles. The EDL of the dy2J becomes more 
oxidative with time due to the chronic pseudomyotonic activity (Dribin 
and Simpson 1977). Thus, there are fewer FG, high glyconeogenic fibers 
present in the dy2J EDL and the whole muscle becomes less able to engage 
in glyconeogenesis as chronic activity persists and oxidative capacity 
increases.
The slightly acidic pH optimum may be related to two separate 
phenomena. First, phosphofructokinase (PFK), the enzyme that forms 
fructose 1,6-bisphosphatase (FBP) from fructose 6-phosphate (F6P), is 
inhibited by reduced pH (Stevenson et al. 1987). A reduction in PFK 
activity would result in an increase in the net formation of F6P from 
FBP via fructose 1,6-bisphosphatase, resulting in a decreased 
glycolytic flux and enhanced glyconeogenic flux. Second, it was shown 
that rat renal PEPCK is activated during lactic acid induced 
acidification of the blood, resulting in tissue accumulation of malate, 
phosphoenolpyruvate and F6P (Vargas et al. 1981). Therefore, there may 
also be regulation at the level of three and four carbon sugars. Thus, 
at reduced cellular pH and increased tissue lactate, such as occurs 
during vigorous exercise (Sahlin et al. 1976), the conditions are 
optimal for glycogen synthesis from lactate.
In summary, we have determined that mammalian skeletal muscle has 
the capacity to synthesize glycogen from lactate and that fast-twitch
muscles have greater capacities for glyconeogenesis than do slow-twitch 
muscles. We also demonstrate that there is a linear dependence of 
glyconeogenic rate on lactate concentration and a pH optimum that is 
slightly acidic. Glyconeogenesis appears to occur via a pathway that 
involves PEPCK due to the inhibitory influences of 3-MPA and quinolinic 
acid. Previous muscle contractile activity and glycogen depletion do 
not enhance the glyconeogenic rate. Thus, glyconeogenesis appears to 
be regulated primarily by the availability of the substrate and pH.
CHAPTER VII. SUMMARY
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The hindlimb muscles of the C57B1/6J dy2J/dy2J (dy2J) mouse suffer 
from a chronic neural stimulation (pseudomyotonia), that results in 
increased contractile activity. The chronically active muscles adapt 
to the increased activity by altering metabolic characteristics, 
including an increased oxidative capacity and the appearance of a small 
population of fibers that store high amounts of glycogen. In this 
dissertation, the capacities for chronically active muscle to 
synthesize and store glycogen were examined. An emphasis was placed on 
establishing the presence and utilization of the glyconeogenic pathway 
(synthesis of glycogen from lactate) for glycogen synthesis.
Chapter II demonstrated that the gastrocnemius muscle (GAST) of 
the dy2J mouse, a chronically active muscle, stored approximately twice 
as much glycogen as control mice. The triceps muscle (TRI), a non- 
chronically active muscle in the dy2J, showed no differences in glycogen 
content between normal and dy2J mice. The dy2J GAST also contained 
twice as much lactic acid as normal GAST. An intraperitoneal injection 
of 1Z|C-lactate resulted in an increased incorporation of “ C into the 
glycogen fraction of dy2J GAST as compared to control GAST. To 
determine if skeletal muscles from normal and dy2J mice were 
synthesizing glycogen from lactate directly without other body organ 
input, an in situ preparation was designed whereby the GAST, with 
intact neural and arterial supplies, but with impaired venous return, 
was placed in a saline bath containing 10 mM U C-lactate. Both normal 
and dy2J GAST incorporated 14C into glycogen, indicating direct glycogen 
synthesis from lactate. Autoradiography revealed that the high 
glycogen containing muscle fibers in the dy2J GAST had the highest
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capacity for glyconeogenesis. This is the first study to document the 
specific fiber types utilizing lactate as a substrate for glycogen 
synthesis.
The enzymes necessary for glycogen synthesis from lactate were 
analyzed in Chapter III for both normal and dy2J GAST and TRI. Glycogen 
synthase (GS), malic enzyme (ME) and phosphoenolpyruvate carboxykinase 
(PEPCK) were all elevated in dy2J GAST, but not in dy2J TRI in 
comparison to control GAST and TRI. Histochemical analysis 
demonstrated that the high glycogen fibers in the dy2J GAST had higher 
activities of GS and ME than any of the other fibers. Thus, high 
glycogen fibers in chronically active muscles have a higher enzymatic 
capacity for glyconeogenesis.
The variation of glycogen along the length of single muscle 
fibers in both normal and dy2J GAST was analyzed in Chapter IV. The 
variation increased with increasing glycogen content. The variation 
was sufficiently low in all fibers to allow for a single histochemical 
section to be a good predictor of glycogen in specific fibers.
In Chapter V, glucose uptake and glycogen synthesis from glucose 
(glycogenesis) were evaluated in chronically active and normal muscles. 
This is the first study to analyze the effects of chronic contractile 
activity on muscle glucose metabolism. Both glucose uptake and 
glycogenesis were elevated in chronically active muscles, both in vivo 
and in vitro. The diaphragm muscle, a chronically active muscle under 
normal conditions, had the highest rates of glucose uptake and 
glycogenesis in vivo. Insulin stimulation of glucose uptake and 
glycogenesis was enhanced in chronically active muscles in vitro from
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dy2J mice.
An in vitro analysis of glyconeogenesis demonstrated that two 
specific inhibitors of PEPCK, 3-MPA and quinolinic acid, inhibited 
glyconeogenesis in skeletal muscle, demonstrating quite clearly the 
involvement of PEPCK in glyconeogenesis. These data were presented in 
Chapter VI and are the first studies documenting that PEPCK is involved 
in glyconeogenesis in mammalian skeletal muscle. Prior contractile 
activity had no effect on maximal glyconeogenic rates. Maximal rates 
of glyconeogenesis were linearly dependent on substrate concentration 
and had a pH optimum of 6 .6.
Thus, it was determined that glycogen synthesis from lactic acid 
occurs in skeletal muscle and that specialized high glycogen fibers in 
chronically active muscles have higher capacities for glyconeogenesis. 
The biochemical pathway involved was characterized in normal and 
chronically active muscles, and the results indicate that the enzymatic 
pathway involves PEPCK. Chronic contractile activity also results in 
an enhanced glycogenesis and glucose uptake. Thus, chronically active 
muscles show enhanced utilization of both pathways for glycogen 
synthesis resulting in an increased glycogen content of the whole 
muscle. The increase in glycogen content may provide the muscle with 
some additional resistance to fatigue.
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INTRODUCTION
Skeletal muscle has the capacity to synthesize glycogen from 
three carbon metabolites, such as lactate. Following strenuous 
exercise in humans, skeletal muscle glycogen is synthesized partially 
from lactate (Hermansen and Vaage 1977). Amphibian and lizard muscle 
can synthesize glycogen directly from lactate (Connett 1979, Gleeson 
1985). Glyconeogenesis from lactate can occur at a maximal rate which 
is 32% of glycogenesis (glycogen synthesis from glucose) in the 
extensor digitorum longus muscle (EDL) of mice (Bonen et al. 1990). 
Thus, three carbon sources are important substrates for the direct 
synthesis of glycogen by skeletal muscle.
The gastrocnemius muscle of the C57B16J dy2J/cly2J (dy2J) mouse is 
chronically active due to pseudomyotonia (Rasminsky 1978). The spinal 
roots leading to the hindlimbs of dy2J mice exhibit an abnormal 
demyelination (Jaros and Jenkison 1983). The spinal roots are also 
associated with the spontaneous generation and ephaptic transmission of 
action potentials (Rasminsky 1978). The increased neural activity 
results in abnormal increases in increased contractile activity. The 
dy2J gastrocnemius muscle also contains fibers which exhibit elevated 
glycogen and glyconeogenic capacity (Talmadge et a'l. 1989, Talmadge and 
Silverman 1991). Thus, chronic activity appears to be associated with 
an enhanced glyconeogenic capacity by some muscle fibers in the dy2J 
gastrocnemius muscle.
Increased levels of alanine are found within actively contracting 
muscles (Nie et al. 1989). Actively contracting fibers may dispose of
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excess pyruvate by converting it to alanine via the alanine 
aminotransferase (AlaAT, EC 2.6.1.2) reaction (Pardridge and Davidson 
1979). Inactive fibers may use alanine as a glyconeogenic substrate. 
During extreme exercise, the venous effluent of the diaphragm shows no 
accumulation of glycolytic end-products such as alanine and lactate 
(Manohar and Hassan 1990); however, during in vitro stimulation, the 
diaphragm produces these substances (Pope et al. 1989). Since neither 
alanine nor lactate accumulate within the blood during in vivo 
contractions, it is hypothesized that alanine and lactate may be 
produced by some fibers within the diaphragm muscle and consequently 
used by neighboring fibers for glyconeogenesis.
In this study, we examined whether chronically active muscle 
could synthesize glycogen from alanine. The diaphragm muscle, a 
chronically active muscle under normal conditions, was used to study 
glyconeogenesis from alanine. This muscle was used because it is not 
associated with muscle fiber degeneration, as are portions of the 
gastrocnemius muscle of the dy2J mouse (Silverman and Atwood 1980). 
Therefore, the effects of chronic activity can be dissociated from 
effects of muscle fiber degeneration.
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MATERIALS AND METHODS
Animal Care. Normal C57B1/6J and C57B1/6J d y 23/ d y 23 (dy2J) mice 
were housed in the Life Sciences Animal Care Facility at Louisiana 
State University. The mice used in this study were between three and 
six months of age and represent mature adult mice.
AlaAT activity. The method used for determination of AlaAT 
activity was that of Horder and Rej (1986). Briefly, gastrocnemius 
(hindlimb) and triceps (forelimb) muscles, along with diaphragm and 
liver were homogenized in 9 volumes of 10 mM Tris-HCl, 1 mM EDTA, pH
7.2 on ice using a ground glass tissue homogenizer. The homogenate was
centrifuged at 4,000g for 10 minutes at 4°C. The resulting supernatant
was assayed for enzymatic activity.
AlaAT activity was determined using standard NADH 
spectrophotometric procedures in an assay buffer consisting of 500 mM 
L-alanine, 100 mM Tris, pH 7.2, 0.18 mM NADH, 0.11 mM pyridoxal 
phosphate, and 1200 U/l LDH. Fifty microliters of the supernatant 
fraction of the tissue homogenate was added to 2 ml of assay buffer. 
Two-hundred microliters of 15 mM 2-oxoglutarate was added to start the 
reaction and the absorbance change was recorded using a Beckman model 
35 recording spectrophotometer.
In vivo 14C-alanine administration. An injection of 0.048 pCi of 
1AC-alanine (3 mCi/mMol alanine) per gram body wt was administered by 
intraperitoneal injection. After a 3 hour incubation period the animal 
was sacrificed by cervical dislocation. Tissues (gastrocnemius, 
triceps, and diaphragm muscle) were removed and analyzed for glycogen
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and 14C according to Hutber and Bonen (1990). The tissues were weighed 
and immersed in 0.5 ml of 30% KOH saturated with sodium sulfate and 
boiled for fifteen minutes. The tubes were cooled on ice, and 0.6 ml 
of 95% ethanol was added to precipitate the glycogen. After 20 
minutes, the samples were centrifuged at 2200g at 4 °C. The 
supernatant was discarded, and the precipitated glycogen was washed in 
1.0 ml of 66% ethanol and recentrifuged. The washing was repeated and 
the glycogen pellet was resuspended in 1 ml of distilled water. A 100 
pi aliquot of the sample was counted in a Beckman LS8000 liquid 
scintillation counter. A 200 pi aliquot of the sample was used for 
glycogen determination by a phenol-sulfuric acid procedure (Lo et al. 
1970). Briefly, the sample was diluted to 1 ml with distilled water 
and 1 ml of 5% phenol and 5 ml of 95% sulfuric acid were added in rapid 
succesion. The tubes were gently shaken, and cooled in a water bath at 
room temperature. The absorbance was measured at 490 nm using a 
Beckman model 35 spectrophotometer to determine the total glycogen 
content of the muscle.
In vitro diaphragm preparations. The animals were anesthetized 
with pentobarbital (60 mg/Kg body wt.). After making a ventral 
incision through the skin, the pectoral and abdominal muscles were 
trimmed. The ligamentous connection to the liver and gall bladder was 
severed and the diaphragm and supporting ribs were removed by cutting 
anterior and posterior to the diaphragm.
The diaphragm preparation was incubated at 37°C in flasks 
containing 4 ml of oxygenated (95% 02: 5% C02) Krebs-Henseleit 
bicarbonate (KHB) buffer, with 7 mM HEPES (pH 7.4), 1% BSA, and glucose
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(5 mM), or alanine at various concentrations. Two 15 min 
preincubations without U C-labeled substrate preceded a final 15 min 
incubation which contained labeled substrate, either 1AC-glucose (2 pCi 
per bath), or 1AC-alanine (2 pCi per bath). In experiments utilizing 
insulin, the final concentrations of insulin varied from 1 to 10,000 
pUnits per ml. Extensor digitorum longus (EDL) and soleus (SOL) 
muscles were also incubated as above for analysis of glyconeogenesis 
from alanine.
For analysis of a pH effect, the procedure was modified slightly 
by using Krebs-sodium phosphate (KPB) buffer (Krebs 1950) supplemented 
with 7 mM HEPES (pH 5.5, 6.0, 6.3, 6 .6, 7.0, 7.5, and 8.0), 1% BSA, and 
1 mM ^C-alanine (2 pCi 1AC-alanine per bath). The incubations were 
equilibrated with room air. This method yielded similar results to the 
KHB method at 1 mM alanine, and pH 7.5 (0.092 ± 0.010 nMol alanine 
incorporated into glycogen per gram wet wt per minute using KHB method 
vs. 0.100 ± 0.004 nMol/g wet wt/min using KPB method n = 5 for each, 
not significantly different at p < 0.5 level).
Following incubation, the ribs, excess connective tissue and fat 
were carefully trimmed away, and the diaphragm, EDL or SOL muscle 
weighed, glycogen content measured, and determined as stated above.
2-Deoxyglucose (2-DG) incubations. The incubations for 2-DG 
uptake were similar to U C-alanine experiments with the following 
modifications. The KHB incubation buffer was used. The two 15 min 
preincubations contained 1 mM glucose. The final 15 min incubation 
contained 1 mM 2-DG with 3H-2-DG (300 pCi/mMol) , and 14C-inulin (20 
nCi/ml) as an extracellular space marker. Insulin was added in some
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experiments to 10,000 pUnits per ml of incubation buffer.
Utilization of alanine by the diaphragm. To determine the 
percentages of 14C that were oxidized to C02 and converted to protein 
and glycogen from 14C-alanine, a similar KHB incubation procedure was 
performed with the following modification. During the final incubation 
the flask was capped with a C02 trap of 50% methanol and 50% 
phenylethylamine. After the incubation, the diaphragm was blotted dry 
and carefully split into equal sized hemi-diaphragms. Perchloric acid 
(4%) was added to the bath to liberate the remaining C02 in the 
incubation fluid, and the flask was recapped and shaken for one 
additional hour. An aliquot of the trapped 14C02 was counted using the 
previously stated liquid scintillation procedures.
One hemi-diaphragm was homogenized in 2.0 ml of 0.5 mM tetra- 
ethylamine (TEA) and 5 mM EDTA for protein determination. Protein was 
precipitated from an aliquot of the homogenate by addition of 200 pi of 
10% TCA and centrifugation at 5000g in a Beckman microfuge for 10 min 
at room temperature. The precipitate was resuspended, washed twice 
with TEA, and counted using liquid scintillation procedures. Protein 
content was determined according to Bradford (1976). The second hemi- 
diaphragm was used to measure glycogen content as previously described.
Values are presented as means ± standard error of the mean (SEM). 
Student's t-tests with significance set at p < 0.05 were used for 
comparisons between two group means. Analysis of variance (ANOVA) and 
Fisher's (protected) least significant difference tests (FLSD) were 
used for multiple group comparisons and significance level set at p < 
0.05.
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RESULTS
Alanine aminotransferase activity was greatest in the diaphragm 
muscle compared to the other muscles in the normal mouse (p < 0.05) 
(Fig. 1). However, AlaAT activity was not significantly different in 
dy2J diaphragm compared to normal. The dy2J gastrocnemius showed a 
significantly greater AlaAT activity than normal gastrocnemius (p < 
0.05). There was no significant difference in AlaAT activity between 
normal and dy2J triceps muscles. The triceps muscle serves as a useful 
comparison to the gastrocnemius since it is not pseudomyotonic in the 
dy2J mouse, therefore it may be treated as an internal control.
The in vivo administration of 14C-alanine resulted in higher 
levels of 1AC incorporation into glycogen in both normal and dy2J 
diaphragm muscle in comparison to other muscle groups (Fig. 2). The 
dy2J gastrocnemius muscle incorporated significantly greater amounts of 
14C than did normal controls. The amounts of 14C incorporation into 
glycogen by dy2J triceps and dy2J diaphragm were not different from 
normal.
The diaphragm showed significantly higher level of 2-DG uptake (p 
< 0.05) in the presence of insulin (10,000 pUnits/ml) compared to no 
insulin (Fig. 3). The diaphragm exhibited an increased incorporation 
rate of glucose into glycogen as insulin levels were increased between 
the levels of 10 and 1,000 pUnits/ml, reaching a maximum at 1,000 
pUnits/ml (Fig. 4). No insulin response was detected for glycogen 
synthesis from alanine by the diaphragm muscle (Table 1). The glucose 
incorporation rate into glycogen was 250 times greater at 1 pUnit
Gastrocnemius Triceps Diaphragm 
Muscle Type
I Normal i H l  Dystrophic
APPENDIX I.
Figure 1. Alanine aminotransferase (AlaAT) activity in normal and dy2,1 
muscle homogenates. The values are presented as means ± standard error 
of the mean (SEM) for 6 individual muscles. The * denotes 
significantly different (p < 0.05) from normal gastrocnemius muscle, 
according to Fisher's protected least significant difference test 
(FLSD) following analysis of variance (ANOVA).
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Figure 2. In vivo 1AC-alanine incorporation into skeletal muscle 
glycogen by normal and dy2J mice. The values are presented as means ± 
SEM for 6 individual muscles. The * denotes significantly different (p 
< 0.05) from normal gastrocnemius muscle, according to FLSD following 
ANOVA.
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Figure 3. In vitro 2-Deoxyglucose (2-DG) uptake by the diaphragm 
muscle. A significantly higher level of uptake (p < 0.05), according 
to Student's t-test, was measured in the presence of insulin in the 
diaphragm muscle. The n - 6 for each point.
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Figure 4. In vitro diaphragm 14C-glucose incorporation rates into 
glycogen with varying insulin levels. Significant increases (p < 0.05) 
in the rates 1<1C-glucose incorporation into glycogen were observed with 
increasing insulin concentration between 10 and 1,000 pUnits/ml. The n 
- 6 for each value.
APPENDIX I.
TABLE 1. INSULIN EFFECTS ON GLYCOGENESIS 
AND GLYCONEOGENESIS FROM ALANINE
INSULIN GLUCOSE ALANINE
pUnits/ml 5mM 0.5mM
1 23.0 ± 5.2 0.092 ± 0.010
10000 115.3 ± 36.3 0.087 ± 0.026
Values represent nMol of substrate converted into 
glycogen per gram wet tissue wt. per minute. Each 
point represents the mean and standard error of 
the mean for 8 individual diaphragm muscles.
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insulin per ml and over 1,000 times greater at 10,000 pUnits insulin 
per ml compared to alanine.
Alanine incorporation into glycogen is a linear function of 
alanine concentration (r2 = 0.986, slope = 0.134, p < 0.05) (Fig. 5).
A 10-fold increase in incorporation rate was observed between alanine 
concentrations of 0.25 mM and 5.0 mM. These concentrations span the 
physiological range of blood alanine levels (0.20 - 0.50 mM). The 
soleus muscle incorporated alanine into glycogen at rates similar to 
the diaphragm muscle (Fig. 5), and the rates were linear with 
increasing alanine concentration (r2 = 0.996, slope = 0.103, p < 0.05). 
There was a peak incorporation rate of 14C-alanine into glycogen by in 
vitro diaphragm preparations at a pH of 6.3 (Fig. 6).
Normal and dy2J EDL, fast-twitch muscles, showed significantly 
higher (p < 0.05) rates of glyconeogenesis from alanine than either 
normal SOL or DIA (Fig. 7), which contain higher percentages 
of slow-twitch fibers. The dy2J SOL also showed a significantly higher 
(p < 0.05) rate of glycogen synthesis from alanine than normal SOL.
The diaphragm oxidized the major portion of the alanine which it 
metabolized (Table 2). A small percentage was used for protein 
synthesis and little was used for glyconeogenesis. Increasing bath 
alanine concentration led to increased alanine incorporation rates into 
protein and glycogen (Table 2, Fig. 5).
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Figure 5. The effects of varying [alanine] on 1AC-alanine incorporation 
rates into glycogen using in vitro diaphragm and soleus muscle 
preparations. Each point represents 6 individual muscles for both 
diaphragm and soleus muscles.
APPENDIX I.
Figure 6. The effects of incubation medium pH on 1AC-alanine 
incorporation into glycogen by in vitro diaphragm preparations. 
- 6 for each value.
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Figure 7. Glyconeogenesis by normal and chronically active muscles in 
vitro. The * denotes significantly different (p < 0.05) from normal 
SOL and normal DIA according to FLSD after ANOVA. N - 10 for each 
value.
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APPENDIX I.
TABLE 2. UTILIZATION OF ALANINE BY THE DIAPHRAGM MUSCLE
ALANINE CONCENTRATION (mM)
0.25 0.50 1.00 2.50
%C02 98.57 ± 0.36 98.94 + 0.36 97.16 + 1.28 92.07 ± 1.99*
%Prot 1.35 ± 0.33 0.97 ± 0.34 2.73 ± 1.29 7.71+1.91*
%Glyc 0.08 ± 0.04 0.09 ± 0.03 0 .10+0.03 0.22+0.11
Values represent the relative distribution of U C incorporated into 
three measured end products from U C- alanine following in vitro 
incubations. The values represent the mean and standard error of the mean 
for 5 individual diaphragm muscles. The * denotes significantly different 
(p < 0.05) from 0.25 mM and 0.50 mM alanine, according to FLSD following 
ANOVA.
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DISCUSSION
The high activity of AlaAT in the chronically active dy2J 
gastrocnemius and the diaphragm muscles provides evidence that 
chronically active skeletal muscle metabolizes alanine at higher rates 
than less active muscle. We determined the AlaAT activity in the 
normal gastrocnemius muscle of the mouse to be 2.9 pMol/g/min at 25°C, 
which is similar to the previously reported value of 3.5 pMol/g/min at 
38°C in normal rat skeletal muscle (Krebs 1972). The lowered activity 
we measured may be attributed to the temperature difference and the 
fiber type differences in the muscles.
It is of interest that the high activity of AlaAT determined in 
this study contrasts with studies of aspartate aminotransferase in dy2J 
mouse muscle (Reichmann and Pette 1984). It was found that the 
activities of several enzymes of anaerobic metabolism, including 
aspartate aminotransferase, were reduced in dy2J animals (Reichmann and 
Pette 1984). However, activities of some key glyconeogenic enzymes are 
elevated in the dy2J gastrocnemius muscle compared to normal (Talmadge 
and Silverman 1991). Also, the dy2J gastrocnemius shows an increase in 
oxidative enzymes with age (Hargroder et al. 1986). Therefore, high 
AlaAT activities in chronically active muscles are appropriate, since 
alanine may be used for both oxidation and glyconeogenesis.
During increased contractile activity, alanine levels increase in 
skeletal muscle because of the increased availability of pyruvate and 
amino groups within the muscle (Felig and Wahren 1971). Furthermore, 
an increase in muscle transaminase activity was observed within
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exercising skeletal muscle (Felig and Wahren 1971), supporting our 
finding of increased AlaAT activity in the chronically active muscles. 
The increased production of alanine in exercised muscle was shown to 
exceed the rate of alanine uptake by the liver, resulting in alanine 
accumulation within the muscle (Felig and Wahren 1971). If alanine is 
present in excess in the exercised muscle, alanine could be used as a 
substrate for glyconeogenesis in skeletal muscle (Fig. 8). This 
hypothesis is similar to that proposed for lactate metabolism in the 
dy2J gastrocnemius muscle, where some active fibers produce lactate and 
adjacent less active fibers utilize lactate as a glyconeogenic 
substrate (Talmadge et al. 1989, Talmadge and Silverman 1991).
Alanine is suggested to be a major gluconeogenic substrate during 
recovery from exercise, contributing to increases in glycogen 
resynthesis in both the liver and skeletal muscle after exercise 
(Favier et al. 1987). Alanine is a glyconeogenic substrate in muscle, 
but it is of greater importance to gluconeogenesis in the liver. The 
carbon skeleton of alanine is a significant endogenous precursor for 
hepatic glucose production (Felig and Wahren 1971). A glucose-alanine 
cycle is proposed to occur, in which alanine is taken up by liver, 
where its carbon skeleton is converted to glucose (Felig and Wahren 
1971). Thus, we hypothesize that during in vivo administration of U C- 
alanine, the 1'*C-alanine was subsequently used for gluconeogenesis by 
the liver, resulting in 1AC-labeled glucose. The muscles were able to 
utilize the u C-glucose for glycogen synthesis. This may explain the 
increased amounts of 14C incorporation into glycogen we observed within 
the diaphragm and the dy2J gastrocnemius muscle in comparison to normal,
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Figure 8. A schematic representation of pathways involved in glycogen 
synthesis and insulin (+) stimulation.
165
non-chronically active muscles.
In order to identify a direct pathway for alanine use in 
glyconeogenesis by skeletal muscle, in vitro incubations were 
performed. The diaphragm exhibited a typical increase in glycogen 
synthesis from alanine in response to an increasing alanine 
concentration. The soleus muscle (SOL), another highly oxidative 
muscle with a high percentage of slow-twitch fibers, also synthesizes 
glycogen from alanine at rates similar to that of the diaphragm muscle. 
The normal EDL muscle, primarily fast-twitch with a low oxidative 
capacity (Bonen et al. 1990), showed a higher glyconeogenic rate than 
did normal SOL. In studies using lactate as a substrate for 
glyconeogenesis, it was demonstrated that the EDL had higher in vitro 
glyconeogenic capacities than SOL from normal mice (Bonen et al. 1990). 
The dy2J SOL also showed an increased glyconeogenesis from alanine than 
normal SOL, but this may be due to the degeneration of fibers.
Therefore, the muscles with the highest oxidative capacities appear to 
have the lowest glyconeogenic capacities.
A pH of 6.3 was observed as the optimum for glycogen synthesis 
from alanine. This pH is similar to the intracellular pH of 6.33 
measured within single muscle fibers of the diaphragm post fatigue 
(Metzger & Fitts 1987). Cytosolic pH is important in muscle fatigue, 
and intense muscular activity causes intracellular pH to decline. The 
reduced pH inhibits glycolytic enzymes such as phosphofructokinase 
(PFK) (Walsh and Milligan 1988, Stevenson et al. 1987). The inhibition 
of PFK would reduce glycolytic flux within the muscle, which would 
favor the reverse reaction and result in an increased glycogen
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synthesis from 3-carbon sources. Also, a reduction in plasma pH 
brought on by lactic acidosis was shown to activate phosphoenolpyruvate 
carboxykinase in the kidney resulting in an increased glyconeogenesis 
(Vargas et al. 1981).
Since insulin was previously shown to increase the rates of amino 
acid transport across the sarcolemma (Kipnis and Noall 1958) and 
glycogen synthesis (Leighton et al. 1989) (see Fig. 8), it was 
hypothesized that insulin would stimulate the utilization of alanine 
for glycogen synthesis. Insulin did stimulate glycogen synthesis from 
glucose by the diaphragm, but not glycogen synthesis from alanine.
Thus, insulin may not play a role in regulating glyconeogenesis from 
alanine in skeletal muscle. In addition, insulin is known to stimulate 
glycolysis (Leighton et al. 1989), converting glucose to pyruvate, but 
a reversal of glycolysis is needed for glyconeogenesis from alanine. 
Since these two pathways share many of the same controlling enzymes, 
the reaction cannot be favored in both directions, providing a possible 
explanation for the lack of an increase in glycogen synthesis from 
alanine upon insulin addition.
We demonstrate that glucose is the primary substrate for muscle 
glycogen synthesis, with a small contribution from alanine.
Furthermore, lactate appears to be a much better substrate for 
glyconeogenesis than alanine (Table 3). Also, the greater production 
of lactate as a metabolic end-product than alanine, results in higher 
tissue levels of lactate than alanine following muscle contraction. 
Therefore, more lactate is available for glyconeogenesis than alanine.
We demonstrate that the majority of the metabolized alanine was
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TABLE 3. Comparison of alanine and lactate as substrates for 
glyconeogenesis at physiological substrate concentrations.
nMol/g/min
Muscle Type Alanine Lactate
Normal
EDL 
SOL 
DIA
dy2J
EDL 0.371 ± 0.038 25.5 ± 2.6*
SOL 0.365 ± 0.030 17.8 ± 2.4*
Glyconeogenesis from lactate rates are from Talmadge and 
Silverman (1991). For alanine the conditions were 0.5 mM alanine, pH 
7.4. For lactate conditions are 10 mM lactate at pH 6.6. The * 
denotes significantly different from corresponding alanine value at p < 
0.05 (Student's t-test). The n = 10 for all lactate and 6 for all 
alanine values.
0.385 ± 0.030 
0.079 ± 0.014 
0.092 ± 0.010
34.7 ± 1.9* 
15.5 ± 2.1*
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converted to C02, indicating that the substrate was oxidized via the 
tricarboxylic acid (TCA) cycle (Fig. 8). A significant portion of the 
alanine was used for protein synthesis. As the concentration of 
alanine supplied to the diaphragm was increased, the rates of 
incorporation into protein and glycogen increased.
In conclusion, skeletal muscle has the capacity to utilize 
alanine as a substrate for glyconeogenesis. Chronically active, and 
highly oxidative muscles appear to utilize alanine primarily as an 
oxidative substrate. Less active and lower oxidative muscles (EDL) 
appear to have higher potentials for glyconeogenesis from alanine.
Thus, glyconeogenesis from alanine may be important only in muscles of 
low oxidative potential.
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